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Partial view of the predictive map of high levels of arsenic 

in groundwater resources in China (blue, low probability; 

red, high probability; width, 600 kilometers; resolution, 1 square 
kilometer). Chronic arsenic poisoning from contaminated 
groundwater is a major health problem in many parts of China. 
An estimated 19.6 million people are potentially exposed 

to elevated arsenic concentrations in their drinking water. 

See pages 852 and 866. 
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>> Ongoing Series: Neurodevelopment 
Check out the latest installment in this 
ongoing series, a Review on neural crest 

cell development and disease, on page 860 
and at www.sciencemag.org/extra/neurodev. 
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Check out Science Express, our podcast, 
videos, daily news, our research journals, and 
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Lentiviral Hematopoietic Stem Cell 
Gene Therapy Benefits Metachromatic 
Leukodystrophy 

A. Biffi et al. 

Lentivirus-mediated gene therapy produces 
encouraging results in three children with 
a rare lysosomal storage disease. 

Research Article Summary; for full text: 
http://dx.doi. org/10.1126/science. 1233158 


Lentiviral Hematopoietic Stem Cell Gene 
Therapy in Patients with Wiskott-Aldrich 
Syndrome 

A. Aiuti et al. 

Lentivirus-mediated gene therapy produces 
encouraging results in three children with 
a rare immunodeficiency disorder. 

Research Article Summary; for full text: 
http://dx.doi.org/10.1126/science. 1233151 
>> Perspective p. 853 
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Groundwater Arsenic Contamination 
Throughout China 

L. Rodriguez-Lado et al. 

A predictive map of arsenic in Chinese 
groundwater aquifers reveals a potential 
health risk to 19.6 million people. 

>> Perspective p. 852 


Hillslopes Record the Growth and Decay 
of Landscapes 

M. D. Hurst et al. 

Changes in tectonic rates can be 
quantitatively derived from hillslope 
morphology. 


Mapping Tectonic Deformation in the Crust 
and Upper Mantle Beneath Europe and the 
North Atlantic Ocean 

H. Zhu and J. Tromp 

Anisotropy of the crust and mantle under 
Europe is a relict of the continent's formation. 


Abundant Porewater Mni(III) Is a Major 
Component of the Sedimentary Redox 
System 

A. S. Madison et al. 

Soluble manganese(III) accounts for up to 
90% of the total manganese in the near- 
surface porewaters of hemipelagic sediments. 
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14-Step Synthesis of (+)-Ingenol from 
(+)-3-Carene 

L. Jargensen et al. 

A chemical route to a diterpenoid could 
enhance production efficiency of a drug 
that treats a precancerous skin condition. 


Mapping of Functional Groups in Metal- 
Organic Frameworks 

X. Kong et al. 

Solid-state nuclear magnetic resonance and 
simulations map the distribution of linking 
groups in metal-organic frameworks. 


Microscopic Evidence for Liquid-Liquid 
Separation in Supersaturated CaCO, 
Solutions 

A. F. Wallace et al. 

The preordering seen during calcium 
carbonate crystallization may be due 

to a liquid-liquid separation process. 

>> Perspective p. 855 


Molecular Mechanism for Plant Steroid 
Receptor Activation by Somatic 
Embryogenesis Co-Receptor Kinases 

J. Santiago et al. 

Crystal structures reveal why the 
brassinosteroid receptor kinase requires 
another kinase helper protein for activation. 


Titration of Four Replication Factors 
Is Essential for the Xenopus laevis 
Midblastula Transition 

C. Collart et al. 

Increasing numbers of nuclei compared 
with the cytoplasmic volume promotes a 
key developmental step in frog embryos. 


SGK196 Is a Glycosylation-Specific 
O-Mannose Kinase Required 

for Dystroglycan Function 

T. Yoshida-Moriguchi et al. 

An atypical kinase genetically associated 
with muscular dystrophies recognizes 

a unique trisaccharide structure. 


Conformational Motions Regulate 
Phosphoryl Transfer in Related Protein 
Tyrosine Phosphatases 

S. K. Whittier et al. 

Differences in the rate of an internal protein 
loop closure are coupled to differences in 
enzyme reaction rates. 


Cyclic GMP-AMP Synthase Is an Innate 
Immune Sensor of HIV and Other 
Retroviruses 

D. Gao et al. 

Cell culture experiments suggest that 
detection of retroviral DNA activates 
cellular defense systems. 
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Steroid Receptor Signaling 


Plant brassinosteroids signal to diverse pathways in plant physiology. These steroid hormones are 
perceived at the cell surface, where they bind to the receptor BRASSINOSTEROID INSENSITIVE 1 
(BRI1). Santiago et al. (p. 889, published online 8 August) now show that somatic embryogen- 
esis receptor kinase 1 (SERK1) complexes with BRI1. Together, these receptor kinases form the 
steroid binding site, with the hormone acting as a “molecular glue” that stabilizes the interaction. 
Hormone-induced heteromerization of BRI1 with SERK1 leads to the activation of the cytoplasmic 
signaling cascade, triggering plant growth and differentiation. 


Arsenic and Populace 


The solubility of arsenic in groundwater aquifers 
is controlled by a number of hydrologic and 
geochemical factors. In rural communities that 
rely on groundwater for drinking water, the risk 
from exposure may pose a public health threat, 
especially when groundwater pumping can 
increase arsenic solubility. In an effort to provide 
a focused assessment of risk to arsenic exposure 
from groundwater, Rodriguez-Lado et al. 

(p. 866; see the Perspective by Michael) con- 
structed a geostatistical model that incorporates 
a number of factors that control arsenic solubility 
across China. Most of the risk centers in a few 
provinces—Xinjiang, Inner Mongolia, Henan, 
Shandong, and Jiangsu—but the total population 
exposed to arsenic levels above 10 micrograms 
per liter could be upwards of 19 million people. 


Closing the Loop 


Many studies have shown that protein dynamics 
are important to enzyme function. For example, 
enzyme protein movements have been shown 
to optimize the active site, enable binding of 
substrate and cofactor, and facilitate product 
release. Whittier et al. (p. 899) now show 

that in two tyrosine phosphatases, the rate of 
cleavage is coupled to motion of a loop. The 
two phosphatases have different catalytic rates; 
however, in both, a loop containing a catalytic 
residue switches between an inactive open and 
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a catalytically competent closed state. The rates 
of closure are equivalent to the cleavage rates, 
suggesting that the leaving group tyrosine is 
protonated simultaneously with loop closure. 
Thus, tuning of the loop motion plays a regula- 
tory role in the catalytic cycle. 


Gotta Get Up to Get Down 


By examining high-resolution satellite topogra- 
phy data of a ridge along the San Andreas Fault 
in California, Hurst et al. (p. 868) demonstrate 
how hill slope curvature may be used to infer 
long-term rates of tectonic uplift and erosion. 
Numerical modeling shows a lag phase between 
uplift events and changes in morphology, which, 
combined with the observational data, shows 
that topography can reveal whether landscapes 
are active or decaying. These fundamental 
relationships may help to improve seismic 
hazard forecasts or to interpret topographic data 
collected on other terrestrial planets. 


Mn at Work 


Biogeochemical cycling involves oxidation- 
reduction reactions with common metals like 

iron and manganese. Depending on the oxygen 
concentration and pH of the surrounding water, 
these metals—which exist in multiple oxidation 
states—can either accept or donate electrons; 
however, detecting which chemical species is 
dominant in these reactions often proves difficult. 
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Using a spectrophotometric method sensitive 
to Mn oxidation state, Madison et al. (p. 875) 
show that up to 90% of the total Mn in porewater 
collected from sediment cores in the St. Lawrence 
Estuary is soluble Mn(III)—a phase traditionally 
assumed to be unimportant in aqueous redox 
reactions except in a few niche environments. 


Regulating the MBT 


It has been known for more than 30 years that 
a defined number of cell divisions in the frog 
embryo precede a crucial developmental event 
called the midblastula transition (MBT). Collart 
et al. (p. 893, published online 1 August) now 
elucidate a mechanism involved in the control 
of the MBT. DNA replication initiation factors 
are titrated out during early cell divisions, which 
controls the elongation of the cell cycle and the 
onset of zygotic transcription during the MBT. 


Ingenol Ingenuity 


The diterpenoid ingenol is the core structure of 
a topical drug recently commercialized to treat 
actinic keratosis, a precancerous skin condition. 
Sourcing the compound from the Euphorbia 
plants that produce it is relatively inefficient, so 
Jorgensen et al. (p. 878, published online 

1 August) devised a chemical 
synthesis starting from 
the comparatively 
simple and inexpen- 
sive monoterpene 
chiral (+)-3-carene. 
The synthetic sequence 
involves 14 steps—less than half 

as long as prior chemical routes to the target-— 
and relies on a two-stage approach, inspired 

by the posited biosynthetic pathway, in which 
preliminary assembly of the fused ring framework 
precedes hydroxylation of the periphery. 


HIV Detection Is a (c)GAS 


Despite it being one of the most highly studied 
viruses, there are still many unknowns when 

it comes to HIV—including how it triggers the 
innate immune response. Gao et al. (p. 903, 
published 8 August) now demonstrate that the 
DNA sensor cyclic GMP-AMP synthase (cGAS) de- 
tects HIV infection. Reverse-transcribed HIV DNA 
triggers cGAS and downstream activation of an- 
tiviral immunity. Detection of HIV, as well as the 
retroviruses simian immunodeficiency virus and 
murine leukemia virus, was abrogated in mouse 
and human cells deficient in cGAS—suggesting 
that cGAS may be a critical activator of innate 
immunity in response to retroviral infection. 
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Additional summaries 


Neural Crest Development 


The vertebrate neural crest is characterized by a 
migratory population of multipotent cells that 
spread out from the dorsal side of the neural 
tube. Many different cell types and tissues 
originate here, including cells of the peripheral 
nervous system, the adrenal medulla, melano- 
cytes, and some skeletal cells. Dysregulation 

of neural crest cells can lead to defects in cell 
differentiation and the cell cycle, as well as to 
the formation of ectopic tissue, which can result 
in various human diseases. Takahashi et al. (p. 
860) review the normal development of neural 
crest cells, highlighting important associations 
of this cell population with local environments 
to influence tissue interactions and function, 
and describe pathogenesis that results when 
developmental events go awry. 


Next-Generation 
Gene Therapy 


Few disciplines in contemporary clinical research 
have experienced the high expectations directed 
at the gene therapy field. However, gene therapy 
has been challenging to translate to the clinic, 
often because the therapeutic gene is expressed 
at insufficient levels in the patient or because 
the gene delivery vector integrates near proto- 
oncogenes, which can cause leukemia (see the 
Perspective by Verma). Biffi et al. (p. 864, 
published online 11 July) and Aiuti et al. (p. 
865; published online 11 July) report progress 
on both fronts in gene therapy trials of three 
patients with metachromatic leukodystrophy 
(MLD), a neurodegenerative disorder, and three 
patients with Wiskott-Aldrich syndrome (WAS), an 
immunodeficiency disorder. Optimized lentiviral 
vectors were used to introduce functional MLD or 
WAS genes into the patients’ hematopoietic stem 
cells (HSCs) ex vivo, and the transduced cells 
were then infused back into the patients, who 
were then monitored for up to 2 years. In both 
trials, the patients showed stable engraftment of 
the transduced HSC and high expression levels of 
functional MLD or WAS genes. Encouragingly, 
there was no evidence of lentiviral vector 
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integration near proto-oncogenes, and the gene 
therapy treatment halted disease progression in 
most patients. A longer follow-up period will be 
needed to further validate efficacy and safety. 


Mapping Molecular Linkers 


In metal-organic framework compounds, inor- 
ganic centers (metal atoms or clusters) are linked 
by bidentate organic groups. Normally, the same 
group is used throughout the structure, but 
recently, synthesis with linkers bearing different 
functional groups has produced well-defined 
materials. Kong et al. (p. 882, published online 
25 July) combined solid-state nuclear magnetic 
resonance and molecular simulations to map 
the distributions of linkers in these materials as 
random, well-mixed, or clustered. 


Making Crystals 


The initial transition from a disordered solution 
to the formation of nuclei that grow into crystals 
continues to be a 
puzzle. Recent ex- 
periments suggested 
the formation of sta- 
ble ordered clusters 
that appear prior to 
the formation of the 
first nuclei. Wallace 
et al. (p. 885; see 
the Perspective by 
Myerson and Trout) 
used molecular 
dynamics to look 

at the potential 
structure and dy- 
namics of these 
clusters and lattice 
gas simulations to 
explore the popula- 
tion dynamics of the 
cluster populations 
prior to nucleation. A liquid-liquid phase separa- 
tion process was observed whereby one phase 
becomes more concentrated in ions and becomes 
the precursor for nuclei to form. 
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Dissecting Dystrophies 
Defects in a-dystroglycan lead to various 
congenital muscular dystrophies, and its 
ability to bind to extracellular matrix (ECM) is 
dependent on formation of a specific O-linked 
sugar structure. Previous efforts to under- 
stand the molecular mechanisms underlying 
a-dystroglycan’s ability to bind to the ECM 

led to the identification of a phosphorylated 
O-mannosyl trisaccharide on o.-dystroglycan 
and to the demonstration that addition of this 
residue is a prerequisite for formation of the 
ligand-binding motif. However, the biosyn- 
thetic pathway that leads to production of the 
phosphorylated O-mannosyl glycan has not 
been delineated. Yoshida-Moriguchi et al. (p. 
896, published online 8 August) elucidate the 
functions of three genes recently found to cause 
dystroglycan-related disorders and explain the 
defects in the production of the phosphorylated 
O-mannosyl glycan that underlie the patholo- 
gies of patients with the relevant mutations. 


European History 
at Depth 


The preferential alignment of 
mineral grains as a result of flow 
direction can polarize seismic waves 
_ traveling through Earth’s interior, 
} based on velocity and direction. 
Zhu and Tromp (p. 871, published 
online 8 August) mapped this 
anisotropy beneath the European 
continent and the North Atlantic 
Ocean—which are products of sev- 
eral tectonic events across varying 
temporal and spatial scales—using 
seismic tomography. The model 
generated correlates well with plate 
motion in the region, and, com- 
pared to geodetic measurements, 
much of the anisotropic features 
are consistent with modern strain rates. Some 
features below Eastern Europe, however, appear 
to be remnants of tectonic events that occurred 
over 350 million years ago. 
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Maintaining Science Eminence 


THE U.S. SCIENTIFIC ENTERPRISE IS HEAVILY BELEAGUERED. THE ECONOMY IS ONLY NOW RECOVERING 
from bad times, and there is great pressure to get the federal budget deficit under control. 
The “sequester,” an across-the-board cut in the entire federal budget, is making matters even 
worse for science, whose budget has failed to keep pace with inflation for at least the past 
4 years. These realities are coming at the same time as other countries are increasing their 
R&D investments, in spite of similar economic conditions, responding to the clear relation- 
ship between a nation’s research capacity, its economic strength, and the well-being of its 
people. The inequality in science funding trends is threatening America’s standing in the 
global scientific community. Losing its eminence in science would probably result in fewer 
foreign scientists coming to study and work in the United States (and even perhaps some 
“brain drain” of U.S. scientists), fewer U.S.-based science and tech- 
nology breakthroughs, and fewer U.S. startup companies and jobs. 

Agricultural R&D provides a dramatic example of how neglect can 
undermine a scientific domain. Recent recommendations to restore 
America’s standing in agricultural science illustrate how the policies 
surrounding R&D and their use must include, but also go beyond, 
increased funding. U.S. Department of Agriculture (USDA) spend- 
ing on R&D has declined by 26% (in constant dollars) over the past 
decade, while investments by China, India, and Brazil have increased 
dramatically.* When adjusted for purchasing power parity, the govern- 
ment of China now invests substantially more than the United States 
in that area. In parallel (and even though a correlation cannot be taken 
to prove causality), agricultural productivity has grown markedly in 
those countries while remaining static in the United States.+ A 2012 
study by the President’s Council of Advisors on Science and Technol- 
ogy (PCAST) concluded that America’s agricultural research enterprise is no longer prepared 
to meet the challenges it will face in this century and that the country’s “innovation ecosystem 
for agriculture” requires a fundamental restructuring. + 

The PCAST report offers a refreshed approach that not only rebalances funding strategies 
but also supports new collaborations and calls for more efficient technology transfer. More 
intramural and extramural funds would be awarded through competitions based on excellence 
rather than allocated as formula-based block grants. Challenges not likely to be adequately 
taken up by the private sector, such as dealing with new pests and pathogens and adapting to a 
changing climate, would also receive increased attention. Funding strategies would foster the 
collaboration of scientists from traditional agricultural fields with those from other biological 
domains and the physical sciences, particularly from the basic sciences. In addition to research 
support, the PCAST report urges increased investments in scientific workforce development 
and in research infrastructure. To facilitate technology transfer to industry, the report recom- 
mends the creation of multidisciplinary innovation institutes supported by public/private part- 
nerships and a comprehensive review of federal regulatory policies for agriculture. 

If the core elements of this approach—combining increased funding, focused new 
programs, and the strategic rebalancing of existing funding, programs, and policies—are put 
in place, the United States will stand a much better chance of maintaining a leadership position 
in agricultural research, development, and innovation. Similar analyses and the same kinds of 
strategies might be very beneficial to maintaining the nation’s overall scientific stature. 

— Alan |. Leshner 
10.1126/science.1244269 


*USDA Economic Research Service and International Food Policy Research Institute, based on N. Beintema, G.-]. Stads, 

K. Fuglie, P. Heisey, AST! Global Assessment of Agricultural R&D Spending: Developing Countries Accelerate Investment 
(International Food Policy Research Institute and Global Forum on Agricultural Research, Washington and Rome, 2012). 
+USDA Economic Research Service, based on K. O. Fuglie, S. L. Wang, V. E. Ball, Eds., Productivity Growth in Agriculture: 
An International Perspective (CAB International, Wallingford, UK, 2012). #PCAST, Executive Office of the President, Report 
to the President on Agricultural Preparedness and the Agriculture Research Enterprise (Washington, DC, 2012). 
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TECHNOLOGY 


Under pressure to demonstrate economic returns 
on public investments in research, universities 
often point to evidence that the knowledge they 
generate can spill over and stimulate regional 
economies that are based, at least in part, on 
innovation. Yet, despite studies of technology 
transfer practices, university funding, and other 
factors, there is much to be learned about why 
places that aspire to become the next Silicon 
Valley might not attain their dreams. Casper ex- 
amines regional social networks in which univer- 
sities are embedded as potential modulators of 
the economic impact of research. He compared 
biotechnology communities in the San Francisco 
and Los Angeles regions, both of which include 
multiple universities that share similar charac- 
teristics. Whereas San Francisco attracted only 
30% more research funding than Los Angeles 
over a 25-year period, Bay Area universities 
obtained more than twice as many biotech 
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patents and spun out three times as 

many biotech firms. By tracking which 

people were linked as co-inventors 

on patent applications, Casper found 

that social networks were larger and 

more cohesive in San Francisco than 

in Los Angeles, spanning universities 

and firms, with upticks in network size 

and connectivity over time correlating 

with growth in patenting. This work suggests 
that community social networks can modulate 
the ability of universities to transmit and receive 
knowledge benefits. — BW 


Res. Policy 42, 10.1016/j.respol.2013.04.005 (2013). 


PHYSIOLOGY 


Many signaling factors and tissues interact to 
enable successful fertilization, gestation, and 
delivery. Failure of any one of a number of these 
elements can result in a failed pregnancy. The 
Lrh-1 gene encodes an orphan nuclear receptor, 
liver receptor homolog-1. When Zhang et al. 
knocked out this gene in the ovarian follicle of 
mice, females displayed regular mating and 
successful ovulation but were infertile. Analysis 
of the corpora lutea of these mice showed that 
transcripts from genes involved in steroidogen- 
esis decreased after ovarian stimulation, and 
hence progesterone levels were reduced, with 
resultant implantation failure. The defect in 
implantation could be rescued by the admin- 
istration of progesterone, but other problems 
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Pay Attention 


remained, including an improper spacing of 
embryos and differences in fetoplacental size. 
In addition to being expressed in the corpus 
luteum, Lrh-1 is also expressed in the endome- 
trium of mice and humans. Without it, abnormal 
expression of endometrial genes results in 
uterine dysfunction and aberrant gestation. This 
work shows the critical roles that Lrh-1 plays in 
successful pregnancy via activities in both luteal 
function for decidualization and the formation 
of the placenta. — BAP 

Nat. Med. 19, 1061 (2013). 


HUMAN GENETICS 


Countless freezers and cabinet drawers are filled 
with fixed specimens on slides, whole organisms 
in some cases, tissue slices in others. In order 

to probe the specifics of gene expression within 
fixed cells and tissues, Ke et al. have developed 
a method to apply single-cell RNA sequencing in 
situ and show that they can see mRNA molecules 


Continued on page 823 
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that differ by a single nucleotide between cells. 
Although the sequencing is limited to stretches 
of four nucleotides, the authors are able to de- 
tect cell-specific mutations within KRAS genes, 
and they demonstrate multiplex expression 
profiling with different genes within breast tis- 
sue. Further development and application of this 
technique may yield dividends in developmental 
biology, epigenetics, and tumor and stem cell 
research. — LMZ 

Nat. Methods 10, 10.1038/nmeth.2563 (2013). 


MATERIALS SCIENCE 
Mesoporous Oxides via Carbonates 


Mesoporous oxide materials have potential 
applications in light harvesting and catalysis 
and as electrode materials. Thin films of these 
materials are most often formed through a soft- 
templating process in which a precursor gel is 
patterned by nanoscale micelles that form from 
diblock copolymers during solvent evaporates. 
This route has proven difficult with some oxides, 
notably zinc oxide (ZnO) and cobalt oxide 
(Co;0,), because of problems with the three 
main types of precursors (alkoxides, nanopar- 
ticles, and thermally decomposed precursors). 
Eckhardt et al. show that both mesoporous 
zinc and cobalt oxides can be formed from 
soft templates by first forming mesoporous 
metal carbonates. These materials were formed 
with triblock poly(ethylene) oxide (PEO)- 
poly(butadiene) (PB) copolymer (PEO-PB-PEO) 
micelles and used metal nitrates and citric acid 
in mixed ethanolwater solvent as the precursor. 
This solution was dip-coated on substrates at 
room temperature and then heated for 1 hour 
at 250°C for zinc and 200°C for cobalt to form 
the carbonates. Additional heating (25 min at 
400°C for zinc and 20 min at 300°C for cobalt) 
formed the oxides. For zinc, the amorphous wall 
of the mesoporous carbonate transformed into 
the crystalline oxide and increased the surface 
area. For cobalt, the carbonate appeared to 
retain the micelle template, and mesoporosity 
developed only in the final thermal processing 
step as spinel oxide phase walls formed. — PDS 
Chem. Mater. 25, 2749 (2013). 


EDUCATION 
Active Investment 


Traditional classrooms, where rows of students 
face an instructor, may be an obstacle as science 
education moves toward inquiry-based learning. 
However, is reconfiguring these classrooms 

to encourage active and team-based learning 
worth the cost? Looking at introductory biology 
courses where the same syllabus, exams, and 
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instructors were used, Cotner et al. compared 
student performance in a traditional (TC) versus 
active learning classroom (ALC). Observational 
data was collected on 50% of randomly selected 
students in both classrooms, with the amount 
of time appearing to be “on task” and actions 
of both the instructor and the students being 
recorded. Additionally, students responded to a 
survey detailing their experiences and percep- 
tions once the course had finished. Results 
showed that the same instructor spent more time 
encouraging and consulting in group activities 
in the ALC environment than in the TC setting. 
ALC students reported a higher level of engage- 
ment and more room flexibility in regard to in- 
class activities and perceived a higher alignment 
between the room and the course itself than did 
their counterparts in the TC. Taken together, the 
results show that students in an ALC are able to 
outperform their peers in a TC, suggesting that 
ALC environments positively enhance student 
learning and are worth the investment. — MM 
J. Coll. Sci. Teach. 42, 82 (2013). 


GEOLOGY 


Megafloods from Tibet 


In between the Tibetan plateau and the Himalaya 
runs the Yarlung-Tsangpo River. In general, the 
balance of tectonic uplift and erosion—usu- 


ally caused by rivers that carry abraded bedrock 
downstream—controls the elevation of such 
mountainous regions. Lang et al. used U-Pb 
dating to record the source of zircon grains in 
sediments deposited downstream of the Tsangpo 
Gorge, a steep, narrow canyon cut by the Yarlung- 
Tsangpo River as it enters the Eastern Himalaya. 
The ages and composition of these grains suggest 
they were deposited by large flood events from 
rapid drainage of glacial lakes in Tibet in the past 
few million years. Although these historical events 
may be infrequent, they probably contribute 
substantially to the overall evolution of the land- 
scape. One megaflood alone could erode more 
material than the baseline erosion rate typically 
removes in 1000 to 4000 years. — NW 

Geology 41, 1003 (2013). 
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Tiger Mosquito Moves 
North in Europe 
A series of outbreaks in the Neth- 
erlands of the Asian tiger mosquito 
(Aedes albopictus), which can transmit 
viral diseases such as dengue and chikungu- 
nya, has raised the possibility that the mos- 
quito could be establishing its northernmost 
beachhead in Europe. 

The mosquito often hitches a ride in 
secondhand tires (Science, 16 May 2008, 
p. 864), and this summer it has turned up 
near seven tire-importing companies in the 
Netherlands. In each case, the Food and Con- 
sumer Product Safety Authority has moved 
in quickly with insecticides. Tire compa- 
nies have also agreed to store tires from 


tropical countries in dry places, depriving 
mosquito eggs of the water they need 

to hatch. Yet without more aggressive 
measures, the tropical insect will soon 
become a fixture in the Netherlands, pre- 
dicts Bart Knols of In2Care, a company 
focusing on mosquito control. One study by 
the European Centre for Disease Prevention 
and Control has suggested that the mosquito 
could survive as far north as Scandinavia. 


Drought Forces Cutbacks 

On the Colorado River 

In an ominous precedent, operators of the 
Glen Canyon Dam on the Colorado River 
will reduce the water released over next year 
from the Lake Powell reservoir by 9%, the 
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The Science of a Falling Building 


What do an imploding tower and an earthquake have in 
common? Seismic energy. Before Warren Hall, a 13-story 
building overlooking California’s San Francisco Bay, top- 
pled to the ground on 17 August, U.S. Geological Survey 
(USGS) scientists planted nearly 600 seismometers in a 
2.5-kilometer-radius ring around the building to record the 
resulting seismic signals. By studying these signals, the sci- 
entists hope to better map the complicated fault lines of 
the Hayward fault zone, which runs east of the bay, through 
Oakland, San Jose, and Berkeley. 

The last major earthquake (magnitude 6.8) on the Hay- 
ward fault was in 1868. But in 2009, USGS declared that 
a major earthquake on the fault is “increasingly likely”— 
and that there’s a 27% chance that the Hayward fault will 
rupture before 2032. Such a temblor could devastate the 
Bay Area, but forewarned is forearmed: By mapping out the 
fault zone’s traces and the ground’s response to shaking, 
scientists hope to better understand the potential hazard. 
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US. Bureau of Reclamation announced last 
week. Millions of farms and homes depend 
on the river for their water supply. “I view 
this as another serious warning to users of 
the Colorado River that we’re headed for 
big trouble,” says Peter Gleick of the Pacific 
Institute in Oakland, California. 

Thanks to a 14-year drought, less water 
has been flowing into the upper Colo- 
rado River. Flows in July were just 13% of 
normal. According to a 2007 agreement 
between seven Western states, the bureau 


Low water. Lake Powell at the Glen Canyon Dam. 


must keep a certain amount of water in the 
reservoirs. For now, a gigantic downstream 
reservoir, Lake Mead, will remain full 
enough for the same amount of water to be 
released from the Hoover Dam as this year. 
So the supply to homeowners and farmers 
will not be reduced, but the decision high- 
lights the likelihood of future shortages as 
early as 2015. http://scim.ag/Colowater 
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Flash point. Cobalt-winged parakeets in Yasuni 
National Park, site of a controversial drilling plan. 


Yasuni National Park, Ecuador 3 


Opponents Vow to Block 
Amazon Drilling 


Ecuador will move ahead with controversial 
plans to drill for oil in a renowned Amazon 
park, President Rafael Correa announced 
on 15 August. But opponents are hoping to 
block the move in a national vote. 

Yasuni National Park is a biological 
hot spot and home to the Waorani people, 
including two clans who live in voluntary 
isolation. The park also holds lots of oil. 

In 2010, Correa promised to forgo drill- 

ing if the international community donated 
$3.6 billion—one-half of the oil’s value—to 
a special fund. But lackluster fundraising 
forced the government to act, Correa said. 
“The world has failed us.” 

Polls suggest that a majority of Ecua- 
dorians oppose drilling, and opponents are 
pushing for a referendum. Meanwhile, they 
are encouraged by antidrilling demonstra- 
tions in Guayaquil, a bellwether city. “This 
is now not just about a handful of environ- 
mentalists,” says Kevin Koenig of Amazon 
Watch in Quito. “It has become a point of 
pride.” http://scim.ag/Yasunidrill 


THEY SAID IT 


“1996-2012. The world 
has become safer.” 


—A plaque at “Plutonium Mountain,” 
a Soviet-era nuclear test site in 

eastern Kazakhstan, commemorating 
a secret 17-year collaboration between 
Russian and U.S. scientists to remove 
nuclear materials to keep them 

out of terrorist hands. The Harvard 
Kennedy School published a report 

on the collaboration on 15 August. 
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FINDINGS 
A Blood Test for Suicide? 


What if a psychiatrist could tell whether 
someone was about to commit suicide 
by sampling their blood? That’s the 
potential promise of a study of blood 
samples from nine men with bipolar 
disorder, taken while they were report- 
ing suicidal thoughts. After compar- 
ing these blood samples to others taken 
when the men did not report feeling 
suicidal, researchers identified five 
proteins that they say indicate higher risk of 
imminent suicide. 

Previous studies showed several of those 
proteins in higher-than-normal amounts in 


Random Sample 


Out of Oil? Just Add Fungi 


The long-held view of the origin of 
shale oil—a buried leaf cooking for 
70 million years under pressure from 
mud and sand—might leave out a vital 
component of the process: fungi. Anew 
experiment suggests that endophytic 
fungi—fungi living symbiotically 
inside plants—can generate hydro- 
carbons as they eat away at their decay- 
ing hosts. Gary Strobel, a plant micro- 
biologist at Montana State University 
in Bozeman, says that fungi could have 
speeded up oil production by tens of 
millions of years. 

Strobel calls his experiment the 
Paleobiosphere (pictured), a kitchen- 
sink-sized contraption designed to 
simulate a Cretaceous-era rainforest 
floor. Strobel mixed leaves from maple, 
sycamore, and aspen trees with a fun- 
gus that grows inside semitropical Key 
lime trees, then sandwiched the con- 
coction between two layers of benton- 
ite shale and flooded the whole thing 
with water a few times. A mere 3 weeks 
later, the growing fungi had digested 
the leaf matter’s sugars, starches, and 
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the blood of people who died from sui- 
cide. When combined with psychological 
measures of anxiety and mood, the pres- 


ence of these proteins was 80% predictive of 


future hospitalization for suicide in bipolar 
patients, the authors report this week in 
Molecular Psychiatry. 

The small study needs to be replicated 
in larger and more diverse populations, and 
“it’s unlikely these markers are specific” to 
the complex behavior of suicide, says lead 
author Alexander Niculescu III, a psychia- 
trist at the Indiana University School of 
Medicine in Indianapolis. Instead, they are 
likely to indicate contributing factors, such 
as abnormal cellular function and stress. 
http://scim.ag/suicideblood 


cellulose, converting them into a variety of hydrocarbons that seeped into the shale layers— 
closely resembling the oil-rich Montana shale around Strobel’s lab. “Not all of the hundreds of 
compounds found in diesel are present in this simple experiment, but representative molecules 
in each of the major classes of hydrocarbons are there,” he explains. 

Entrepreneur Bryan Blatt hopes to use Strobel’s hydrocarbon-producing fungi to churn 
out new biofuels. His company, Endophytics LLC, will announce its first patent on a promising 
organism this month. “We just don’t have to sit here and assume that at some point there’s an 


end to the oil,” he says. 
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RESEARCH FUNDING 


Diplomatic Flap Threatens 
E.U.-Israeli Research Ties 


A diplomatic row between the European 
Union and the Israeli government could spell 
a sharp loss in funding for Israeli science as 
well as the end for countless collaborations 
with European scientists. At issue are 3 pages 
of guidelines issued by the European Com- 
mission on 19 July, which stipulate that start- 
ing in 2014, E.U. grants, prizes, and financial 
instruments may not support organizations or 
activities in areas not under Israel’s control 
before 1967—which include the occupied 
West Bank, East Jerusalem, the Gaza strip, 
and the Golan Heights. 

In an angry response, the Israeli govern- 
ment said last week that it may forgo par- 
ticipation in Horizon 2020, the European 
Union’s new €70 billion, 7-year research pro- 
gram. The two sides had a first round of talks 
about Horizon 2020 at the E.U. Delegation’s 
Tel Aviv office on 14 August and will con- 
tinue discussions in Brussels in September. 
An Israeli withdrawal would put an end to 17 
years of successful participation in E.U. sci- 
ence funding schemes. 

The European Union stresses that the new 
document is a clarification of existing poli- 
cies whose effects will be minimal, as little 
research is going on in the territories. But to 
the Israeli government, the issue is bigger than 
that. “We will not accept any outside diktat 
about our borders,” Prime Minister Benjamin 
Netanyahu said last month. 
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At stake isn’t just grant money, but also 
“the contacts, the networks, the recognition,” 
says Nobel laureate Ada Yonath, a crystallog- 
rapher at the Weizmann Institute of Science in 
Rehovot who last year bagged a €2.5 million 
grant from the European Research Council 
(ERC), funded by Horizon 2020’s predeces- 
sor, Framework Programme 7 (FP7). “Israel 
will be in a ghetto,” she says. Israel’s with- 
drawal would be “catastrophic for Israeli sci- 
entists and a big loss for Europe,” adds ERC 
President Helga Nowotny. 

Since 1996, Israel has taken part in 
E.U. research programs as an “associ- 
ated country”—a status that allows a non- 
E.U. country to benefit from the European 
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Sea change? Research at the West Bank lab of 
AHAVA Dead Sea Laboratories would no longer be 
funded under Horizon 2020. 


Union’s funding bonanzas in return for a 
fixed contribution based on gross domestic 
product. Israel paid €534 million into FP7, 
which spanned 2007 to 2013; in return, 
almost 1600 Israeli scientists will have 
received a total of €634 million in funding. 
They fared particularly well in the battle for 
ERC grants (see graphic); on a per capita 
basis, Israel was bested only by Switzer- 
land, also an associated country. 

European Commission spokesperson 
Michael Jennings says that the European 
Union banned funding for organizations 
established in the occupied territories all 
along, although it did not explicitly rule 
out supporting any research there. The only 
currently funded research that would no 
longer be eligible for E.U. grants is being 
done by a company called AHAVA Dead 
Sea Laboratories, which produces skin care 
products from Dead Sea mud and salt at a 
West Bank facility. 

Still, at the Tel Aviv meeting last week, 
Israeli representatives told a delega- 
tion from the European Commission that 
without “positive understandings on the 
guidelines’ implementation ... Israel will 
be unable to join the European R&D pro- 
gram,” according to an Israeli government 
statement. “If Israel is going to lose a few 
dollars, or euros, rather than accepting [the 
European Union] damaging national secu- 
rity interests, then we don’t have a choice,” 
says Paul Hirschson, a spokesperson for the 
Israeli Ministry of Foreign Affairs. 

Other international funding schemes 
also exclude projects in the occupied ter- 
ritories, including the United States-Israel 
Binational Science Foundation, which has 
funded dozens of Nobel laureates, and a 
similar foundation aimed at fostering sci- 
entific friendships between Israel and Ger- 
many. Hirschson could not say whether 
those foundations are problematic as well. 
He says Israel also takes issue with the tim- 
ing of the E.U. guidelines, just as U.S. Sec- 
retary of State John Kerry had launched a 
new round of peace talks between Israel 
and Palestine. “They give the Palestinians 
the false sense that they can achieve any- 
thing without making any compromises,” 
he says. 

Not everyone is so gloomy about the 
damage a withdrawal from Horizon 2020 
would cause. If Israel invests its contribution 
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in domestic research instead, “it doesn't have 
to be such a tragedy,” says Alex Lubotzky, 
a mathematician at Hebrew University of 
Jerusalem who co-founded a West Bank set- 
tlement called Efrat. Lubotzky, himself an 
ERC grant winner, adds that the European 
Union has every right to determine what is 
done with its money. 

It’s hard to predict whether either side 
will budge, says Jonathan Rosenhead, a 


professor emeritus at the London School 
of Economics and Political Science. He 
urges the European Commission to stick to 
its position. “They have drawn a line in the 
sand. They would look stupid if they back 
down now,” says Rosenhead, who chairs the 
British Committee for the Universities of 
Palestine, an academic group that opposes 
the Israeli occupation of Palestinian lands. 
Israel, too, is likely to take a hard line, 


NEWSMAKER INTERVIEW: CHARLES SOBECK 


How NASA Tried to Save Its Prime Planet-Spotter 


Since its launch in 2009, NASA’s Kepler 
spacecraft has discovered 130 new extrasolar 
planets and identified hundreds of candidates. 
On 15 August, however, NASA announced 
that the hardworking planet-hunter could no 
longer continue doing science as before. Two 
of the four reaction wheels that keep the craft 
precisely pointed at target stars had seized up 


and could not be revived. Charles Sobeck, 
deputy project manager for Kepler at NASA’s 
Ames Research Center in Moffett Field, Cali- 
fornia, describes what happened and what 
lies in store for the probe. The interview has 
been edited for clarity and brevity. 

-YUDHIJIT BHATTACHARJEE 


Q: When did you first realize there was 
a problem? 

C.S.: The first time was a year ago when 
wheel 2 failed. The spacecraft wasn’t hold- 
ing fine point on its science target [staying 
precisely pointed] because that wheel had 
stopped spinning. 
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Q: What was the status of Kepler after 
wheel 2 broke? 

C.S.: It was still pointing well, but not pre- 
cisely. Within a few days, we were able to 
take the failed wheel offline, reset some 
parameters that essentially told the space- 
craft that you only have three wheels; use 
those wheels. It snapped right back into 
fine point, but now our concern was, we 
couldn’t afford to lose another one. 

We went back and looked at all our 
data and were able to find advance indica- 
tions that a wheel is having problems. And 
indeed, what we found is that wheel 4 was 
showing intermittent signs of stress. 

In early January, we saw 
the wheel exhibit some ele- 
vated friction that didn’t come 
down. We knew we only had a 
few months left, so we began 
quickly developing a thruster 
control mode so that we could 
use the thrusters on the spacecraft to stabi- 
lize it and point it. In May, wheel 4 seized 
up and stopped turning. 


Q: Was there anything left to do? 

C.S.: Functionally, the wheels were still 
working, and we wanted to find out how 
well they could point the spacecraft. We 
did that test last week [beginning Thursday, 
8 August]. 

Normally, we would like to see the 
wheels hold the spacecraft to within 1 or 2 
arcseconds of the target; it was holding at 
within 10 arcseconds. 


Q: Did that allow you to do something 
useful? 

C.S.: We pointed Kepler’s high-gain anten- 
nae at Earth and downlinked the data that 
has been on its solid state recorder for the 
past 3 months. 
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says Oded Beja, an environmental gen- 
omicist at the Technion-Israel Institute 
of Technology in Haifa who says that his 
€2 million ERC grant helped him “enter 
the big league” of his field. “It’s not that 
they want to move E.U. money into the 
occupied territories,” Beja says. “But by 
agreeing, they admit that something is 
wrong with the territories.” 

—MARTIN ENSERINK 


As we were pointing the antennae, wheel 
number 2 started experiencing very high 
friction. A good wheel should have some- 
thing like 2 or 3 millinewton-meters. Now, 
the friction jumped up to over 100. During 
the 4 hours, we saw the friction stay in that 
very high regime, it was getting closer and 
closer to the 200 millinewton-meter limit 
that our motors have on them. 


Q: That's like watching an emergency room 
patient’s pulse rate going up. 

C.S.: Yes, and there’s nothing you can do 
about it, other than hoping that it comes to 
some sort of stable state. We had several of 
us in one office at Ames look- 
ing at the data in real time. At 
first, we thought, it’s going to die 
almost immediately. But then it 
didn’t. It started to rise slowly. 
We thought, well, it’s going to 
die in an hour or two. Then it 
peaked out and started coming down again, 
and it just sort of teased us. Then the fric- 
tion exceeded the limit, we could no lon- 
ger spin the wheels with our motor, and 
the spacecraft autonomously put itself in 
safe mode. 


Q: Are you still hoping that the 
Kepler spacecraft will be able to do 
some science? 

C.S.: We will now try to define what kind of 
pointing can we get with two good wheels 
and thrusters. And we’re going to see what 
kind of science can we do with it. We’ve 
issued a call for white papers inviting the 
scientific community to submit ideas. We’re 
not limiting it to extrasolar planets. Some 
ideas would be to do microlensing [studying 
images magnified by the gravity of matter in 
space] and to look for near-Earth asteroids. 
We’re not throwing in the towel. 
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SCIENTIFIC PUBLISHING 


Half of All Papers Now Free in Some Form, Study Claims 


Efforts to give the public free access to 
peer-reviewed papers have reached a mile- 
stone: One-half of all papers are now freely 
available within a year or two of publica- 
tion, concludes a new study sponsored by 
the European Commission. That means so- 
called open-access publishing has reached 
a “tipping point” and will now accelerate, 
suggests Eric Archambault, the lead author 
of the study and president of Science-Metrix 
Inc. in Montreal, Canada. “Things are likely 
to move much faster now.” But some open- 
access observers have been quick to criticize 
the study, which yielded a number twice as 
high as other analyses. 

The findings come as open 
access is set to expand: This week, 
U.S. science agencies were due to 


send the White House draft plans 50% 
describing how they will make Aap 
government-funded research . 
papers freely available, gener- 30% 
ally within 12 months of publica- 

tion. And the European Commis- 20% 
sion will soon require that most 10% 


articles it funds be free within 
6 months. The new “findings 
underline that open access is here 
to stay,” said Maire Geoghegan- 
Quinn, European commissioner 
for research, innovation, and sci- 
ence, in a statement. 

The open-access movement 
took off more than a decade ago 


9 


60% 
50% 


Percent of papers freely available 


when some scientists began push- A0% 
ing to make full-text papers free. 30% 
Today, some papers are published 
in journals that make papers imme- 20% 
diately free upon publication and 

: 10% 
cover costs by charging authors 
a fee. Some other papers, pub- 0% 


lished in traditional subscription- 
based journals, are made freely 
available on an author’s website 
or through an institutional or gov- 
ernment archive, often after a 
6- or 12-month “embargo” imposed by the 
publisher to protect subscription revenue. 
(Papers in Science are free with registration 
after 12 months, and authors can post cop- 
ies sooner.) Like other analysts, Archambault 
defines papers published in immediately 
free journals as the “gold” version of open 
access, and those posted in archives, some- 
times after a delay, as “green”; other forms 
his team dubbed “hybrid.” 

To find out how many gold, green, 
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and hybrid papers are now available, 
Archambault and his colleagues randomly 
sampled 320,000 papers published between 
2004 and 2011 drawn from Scopus, a data- 
base. They then built a software robot that 
scoured the Internet and online archives in 
April 2013 for the full text. Unlike some 
other analysts, they included papers that are 
only temporarily free (such as a journal’s 
sample issue). As a check, they also manu- 
ally searched for 500 papers, revealing that 
the robot had missed a few. After correcting 
for this error, the Science-Metrix group con- 
cluded that open access reached a 50% “tip- 
ping point” in 2011, meaning that one-half 
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Gaining ground. More papers are available in free-to-read journals (gold 
open access) or in “green” online archives and “hybrid” journals. 


of the papers published that year are now 
freely available. 

The team also found that the proportion 
of gold papers grew from about 4% of all 
papers in 2004 to 12% in 2011 (see graph). 
Over the same period, the share of green and 
hybrid papers hovered around 34% then fell 
to about 32%. That decline probably reflects 
the fact that more recently published papers 
hadn’t yet come out from under embargo, 
Archambault says. Overall, he notes, the 
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number of open-access papers has been 
growing by about 2% a year, and the absolute 
total jumps each year as journals and authors 
make batches of old papers free. 

Archambault’s group also broke the 
results down by field and country. Biomedical 
research leads with 61% of papers freely 
available. Open access is well over 50% in a 
few countries (defined by author’s country), 
including Macedonia (67%), the Netherlands 
(58%), and the United States (56%). 

Such numbers haven’t persuaded other 
analysts that open access is making a his- 
toric transition. “Eric has given us good 
news about access, not open access,” 
says Stevan Harnad of the Uni- 
versity of Quebec in Montreal, 
who thinks that delayed access 
shouldn’t count. Bo-Christer 
Bjork of the Hanken School of 
Economics in Helsinki, who’s cal- 
culated a smaller number, says 
that for methodological reasons 
he’s “not fully convinced” that the 
50% figure is valid. However, he 
says the study is “important” and 
will be influential—but not neces- 
sarily in the way the authors hope: 
It may prompt subscription pub- 
lishers to lengthen embargoes and 
tighten enforcement. 

One publisher says that even if 
the 50% number is real, publish- 
ing hasn’t necessarily reached a 
tipping point. Fred Dylla, execu- 
tive director of the American Insti- 
tute of Physics in College Park, 
Maryland, argues that open access 
is expanding because it’s being 
driven by public policy mandates, 
not favorable economics. For that 
reason, “I don’t see us reaching the 
top of a hill and now rushing to the 
bottom. It’s more like the slope is 
getting smaller,” he says. 

However imperfect, the 
Archambault analysis is welcome, says 
open-access advocate Peter Suber, director 
of Harvard University’s Office for Scholarly 
Communication. It shows that open access 
“has entered the mainstream,” he says. 
“When we’re on a long journey, we have a 
right to celebrate when the odometer rolls 
over at some round number of miles, even if 
we’re perfectly aware that the round number 
is somewhat arbitrary.” 

—-JOCELYN KAISER 
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DEMOGRAPHY 


Can China Age Gracefully? A Massive 
Survey Aims to Find Out 


SHANGHAI, CHINA—When Nie Huasheng 
and Yin Yifei show up for their appointment 
at the convenience store on a hot summer 
afternoon, its owner is sleeping in the back 
room. That’s the first clue that interviewing 
the 50-year-old woman is not going to be 
easy. As Yin pulls out a laptop and starts ask- 
ing survey questions, their travails continue: 
When Yin asks the woman’s age, she says 
“teenager.” Customers wander in to buy cig- 
arettes and groceries. She evades questions 
about finances. “Sometimes people lie to us,” 
Nie says later. “It’s very difficult.” 

Nie and Yin, college students at Peking 
University, are interviewers for the China 
Health and Retirement Longitudinal Study 
(CHARLS), a mammoth effort to under- 
stand one of the world’s most momentous 
demographic shifts: China’s ongoing transi- 
tion from a nation of young workers to one of 
elderly pensioners. Designed by Chinese and 
American researchers, the survey is monitor- 
ing more than 10,000 households and nearly 
18,000 individuals—a representative sample 
of all Chinese over 45. 

China is getting old before it gets rich—a 
massive shift that could strain the economy, 
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health care system, and labor market. The 
introduction of the one-child policy in 1980 
coincided with rapid economic development 
that extended lifespans, creating a genera- 
tion of only children who are burdened with 
caring for their aging parents. The number 
of people aged 60 and over is on course to 
increase from 12% of China’s population 
in 2010 to 34% in 2050, according to U.N. 
Population Division projections. “What 
took 80 years in Europe is taking 20 to 
30 years in China,” says James P. Smith, 
director of the Center for Chinese Aging 
Studies at the RAND Corporation in Santa 
Monica, California, and a member of the 
survey’s advisory board. 

Overseen by Peking University’s China 
Center for Economic Research (CCER), 
with $5.25 million in funding from the 
U.S. National Institute on Aging (NIA) and 
additional support from sources including 
the Natural Science Foundation of China, 
CHARLS is designed to gauge the health, 
wealth, and emotional well-being of older 
Chinese as they transition into retirement. 
The survey, which launched nationally in 
2011, “will be the definitive source of infor- 
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Graying nation. Nearly a 
quarter of China's elderly live 
in poverty. 


mation about the aging 
population of China for 
many years to come,” says 
Donald Treiman, a sociol- 
ogist at the University of 
California, Los Angeles, 
who is not affiliated with 
the undertaking. 

With results made 
available online within a 
year of the completion of 
a survey round, the study 
will also be a boon to 
social science research in 
a country where both the 
government and research- 
ers closely guard data 
(Science, 31 May, p. 
1037), says Zhao Yaohui, 
an economist at CCER 
and a co—principal inves- 
tigator on the survey. That 
openness “sets an exam- 
ple for other studies in 
China,” says Yu Xie, a demographer at the 
University of Michigan, Ann Arbor, and the 
chair of the academic committee that over- 
sees surveys at Peking University. 

Data from a pilot survey in two prov- 
inces were released in 2009, and results 
from the study’s national baseline, which 
concluded in 2012, were released in Febru- 
ary. Now, a 500-strong team of interview- 
ers is in the field again, canvassing a sam- 
ple that includes urban sophisticates, Tibetan 
herders, and Mongolian nomads. In the first 
round, besides asking about finances and life 
satisfaction, interviewers measured blood 
pressure, height, weight, waistlines, lung 
function, and frailty, among other biomark- 
ers. The team also collected blood samples 
that were used to screen for anemia, diabetes, 
and risk factors for cardiovascular disease. 

So far, CHARLS has painted a largely 
bleak picture for China’s 185 million resi- 
dents ages 60 and over, nearly a quarter of 
them living in poverty. Fully 40% show obvi- 
ous symptoms of depression, and more than 
half have hypertension, a worrisome finding 
for China as it vastly expands its health care 
coverage (Science, | February, p. 505). 

On many health measures, from body 
pain to depression, women fare worse than 
men. The convenience store owner is typi- 
cal: When Yin asks the woman whether she 
felt unhappy at some point the day before, 
she responds, “I feel that way every day.” 
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The women surveyed so far also do worse 
on tests of cognitive skills and memory. The 
cognitive gap is more pronounced in older 
age groups, where women typically received 
less education than men. But nutritional and 
other factors may play a role as well, Smith 
notes: For older generations, discrimination 
“permeates the entire society.” 

The survey has a U.S. model: the Health 
and Retirement Study (HRS), an NIA- 
funded survey of 22,000 Americans over 
50 that addresses health, social issues, and 
finances. Richard Suzman, a demographer 
who oversaw the launch of the HRS in 1992 
and now directs NIA’s Division of Behavioral 
and Social Research, has 
helped develop similar 
studies of aging in more 
than 30 other countries— 
including South Korea, 
Japan, and India—and 
encouraged the develop- 
ment of an international 
network to ensure that 
countries measure and 
share data in common 
formats. Expanding to 
China was a no-brainer to Suzman: Among 
other reasons, he says, “how China handles 
the challenge of aging will indirectly affect 
trade and relations with the United States.” 

In 2006, Suzman approached CCER 
about overseeing a Chinese survey. The 
requirement that surveys in the network 
make data available struck a chord with 
Zhao, who remembers returning to China 
while a student at the University of Chicago 
and vainly trying to obtain data—any data— 
for her dissertation research. “I knew how 
scarce data was, and I was a little tired of hav- 
ing to beg for it.” 

Executing such a survey in China is chal- 
lenging. The problems began with crafting 


China.” 
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“What took 80 years 
in Europe is taking 
20 to 30 years in 
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a sample. Many areas of China do not keep 
lists of mailing addresses, and widespread 
rural-to-urban migration renders listings 
maintained by the government inadequate. 
So the survey relied on a geographic infor- 
mation system. The researchers marked out 
every building on Google Earth images, 
listed every dwelling within each building, 
and then selected a random sample of homes. 

Culture introduces other challenges. 
When asking about age and dates, inter- 
viewers need to check whether a response 
is based on the lunar or solar calendar; 
many Chinese elderly remember birthdates 
and other milestones as lunar calendar 
events. Similarly, ques- 
tions about health must 
account for both the use 
of Chinese medicine 
and the fact that many 
elderly Chinese have 
pieced together infor- 
mation on their health 
from a mishmash of 
sources. “A lot of people 
have never seen a doctor 
in their life,’ Zhao says. 

The survey also has to contend with 
China’s diversity of languages and dia- 
lects, says Kong Tao, an economist at 
Peking University and the survey’s man- 
ager. Organizers assigned student inter- 
viewers to regions based on the dialects 
they speak, but in some areas the project 
has had to use translators. “That can intro- 
duce error,” Kong notes. Another issue is 
an increasingly wary urban population, 
Kong adds: “The social trust has eroded 
to such an extent to the point that people 
are very suspicious” of strangers knock- 
ing on doors. Still, the response rate for the 
first survey round was 81%, which outside 
observers say is very high. 


—JAMES P. SMITH, 
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Gender gap. Elderly Chinese women scored worse in 
both cognition and physical health. 


With follow-up rounds every 2 years, 
the most critical research findings are yet 
to come. Longitudinal data will offer “the 
real payoff” for researchers, Treiman says, 
and it could help flesh out some of the early 
findings. The gender difference in cogni- 
tion, for example, could be exaggerated by 
the fact that women live longer than men. 
CHARLS’s investigators also hope to ana- 
lyze subjects’ DNA, using blood samples 
collected in the baseline survey. By pool- 
ing that data with results from other aging 
surveys, researchers can search for genetic 
markers linked to cognition, personality, 
and behavior. 

In the meantime, the survey could help 
inform policy discussions. Proposals for 
raising the retirement age—the age for col- 
lecting pensions ranges from 50 for low- 
level women workers to 60 for men—have 
so far proven unpopular in China, with 
upcoming retirees alleging that they’re 
being treated unfairly. CHARLS showed 
that urban Chinese retire early, supported in 
part by millions of rural migrants, while “in 
the countryside they work until they drop,” 
Zhao says. Postponing retirement would 
reduce inequity, not create it, she says. And 
knowing underdiagnosis rates for diseases 
such as hypertension, Smith says, could 
help the government plan for health care 
spending, an urgent task. “China cannot be 
spending the kind of money that they are in 
the United States,” he says. 

As China grapples with its demographic 
shift, the survey should give researchers a 
chance to watch policy changes and their 
effects in real time, Smith notes. “This next 
20 years is going to be monitored.” 

—-MARA HVISTENDAHL 
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Fighting invasion. When 
viruses (green) attack 
bacteria, the bacteria 
respond with DNA-targeting 
defenses that biologists 
have learned to exploit 

for genetic engineering. 


The CRISPR Craze 


A bacterial immune system yields a potentially 
revolutionary genome-editing technique 


BACTERIA MAY NOT ELICIT MUCH SYMPA- 
thy from us eukaryotes, but they, too, can get 
sick. That’s potentially a big problem for the 
dairy industry, which often depends on bac- 
teria such as Streptococcus thermophilus to 
make yogurts and cheeses. S. thermophilus 
breaks down the milk sugar lactose into tangy 
lactic acid. But certain viruses—bacterio- 
phages, or simply phages—can debilitate the 
bacterium, wreaking havoc on the quality or 
quantity of the food it helps produce. 

In 2007, scientists from Danisco, a 
Copenhagen-based food ingredient com- 
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pany now owned by DuPont, found a way to 
boost the phage defenses of this workhouse 
microbe. They exposed the bacterium to 
a phage and showed that this essentially 
vaccinated it against that virus (Science, 
23 March 2007, p. 1650). The trick has 
enabled DuPont to create heartier bacterial 
strains for food production. It also revealed 
something fundamental: Bacteria have a 
kind of adaptive immune system, which 
enables them to fight off repeated attacks 
by specific phages. 

That immune system has suddenly 
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become important for more than food scien- 
tists and microbiologists, because of a valu- 
able feature: It takes aim at specific DNA 
sequences. In January, four research teams 
reported harnessing the system, called 
CRISPR for peculiar features in the DNA of 
bacteria that deploy it, to target the destruc- 
tion of specific genes in human cells. And in 
the following 8 months, various groups have 
used it to delete, add, activate, or suppress tar- 
geted genes in human cells, mice, rats, zebra- 
fish, bacteria, fruit flies, yeast, nematodes, 
and crops, demonstrating broad utility for the 
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technique. Biologists had recently developed 
several new ways to precisely manipulate 
genes, but CRISPR’s “efficiency and ease of 
use trumps just about anything,” says George 
Church of Harvard University, whose lab was 
among the first to show that the technique 
worked in human cells. 

With CRISPR, scientists can create 
mouse models of human diseases much 
more quickly than before, study individual 
genes much faster, and easily change mul- 
tiple genes in cells at once to study their 
interactions. This year’s CRISPR craze may 
yet slow down as limitations of the method 
emerge, but Church and other CRISPR pio- 
neers are already forming companies to 
harness the technology for treating genetic 
diseases. “I don’t think there’s any example 
of any field moving this fast,” says Blake 
Wiedenheft, a biochemist at Montana State 
University in Bozeman. 


Humble beginnings 
The first inkling of this hot new genetic engi- 
neering tool came in 1987, when a research 
team observed an oddly repetitive sequence at 
one end of a bacterial gene. Few others took 
much notice. A decade later, though, biologists 
deciphering microbial genomes often found 
similar puzzling patterns, in which a sequence 
of DNA would be followed by nearly the same 
sequence in reverse, then 30 or so seemingly 
random bases of “spacer DNA,” and then a 
repeat of the same palindromic sequence, fol- 
lowed by a different spacer DNA. A single 
microbe could have several such stretches, 
each with different repeat and intervening 
sequences. This pattern appears in more than 
40% of bacteria and fully 90% of microbes 
in a different domain, the archaea, and gives 
CRISPR its name. (It stands for clustered reg- 
ularly interspaced short palindromic repeats.) 

Many researchers assumed that these 
odd sequences were junk, but in 2005, three 
bioinformatics groups reported that spacer 
DNA often matched the sequences of phages, 
indicating a possible role for CRISPR in 
microbial immunity. “That was a very key 
clue,” says biochemist Jennifer Doudna of the 
University of California (UC), Berkeley. It 
led Eugene Koonin from the National Center 
for Biotechnology Information in Bethesda, 
Maryland, and his colleagues to propose that 
bacteria and archaea take up phage DNA, 
then preserve it as a template for molecules 
of RNA that can stop matching foreign DNA 
in its tracks, much the way eukaryotic cells 
use a system called RNA interference (RNAi) 
to destroy RNA. 

Enter the Danisco team. In 2007, 
Rodolphe Barrangou, Philippe Horvath, and 
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Precise cuts. In just 8 months, CRISPR modifica- 
tions of DNA resulted in dumpier nematodes (top, 
bottom), zebrafish embryos with an excess of ventral 
tissue (middle, bottom), and fruit flies with dark eyes 
(bottom, right), demonstrating its broad utility for 
editing genes in animals. 


others with the company showed that they 
could alter the resistance of S. thermophilus 
to phage attack by adding or deleting 
spacer DNA that matched the phage’s. At 
the time, Barrangou, who is now at North 
Carolina State University in Raleigh, didn’t 
see CRISPR’s full potential. “We had no idea 
that those elements could be readily exploit- 
able for something as attractive as genome 
editing,” he says. 

Doudna and Emmanuelle Charpentier, 
currently of the Helmholtz Centre for Infec- 
tion Research and Hannover Medical School 
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in Germany, took the next step. They had 
independently been teasing out the roles of 
various CRISPR-associated proteins to learn 
how bacteria deploy the DNA spacers in their 
immune defenses. But the duo soon joined 
forces to focus on a CRISPR system that 
relies on a protein called Cas9, as it was sim- 
pler than other CRISPR systems. 

When CRISPR goes into action in 
response to an invading phage, bacteria 
transcribe the spacers and the palindromic 
DNA into a long RNA molecule that the cell 
then cuts into short spacer-derived RNAs 
called crRNAs. An additional stretch of 
RNA, called tracrRNA, works with Cas9 
to produce the crRNA, Charpentier’s group 
reported in Nature in 2011. The group pro- 
posed that together, Cas9, tracrRNA, and 
crRNA somehow attack foreign DNA that 
matches the crRNA. 

The two teams found that the Cas9 pro- 
tein is a nuclease, an enzyme specialized for 
cutting DNA, with two active cutting sites, 
one site for each strand of the DNA’s double 
helix. And in a discovery that foreshadowed 
CRISPR’s broad potential for genome engi- 
neering, the team demonstrated that they 
could disable one or both cutting sites with- 
out interfering with the ability of the com- 
plex to home in on its target DNA. “The 
possibility of using a single enzyme by just 
changing the RNA seemed very simple,” 
Doudna recalls. 

Before CRISPR could be put to use, 
however, Doudna’s and Charpentier’s teams 
had to show that they could control where 
Cas9 went to do its cutting. First, Doudna’s 
postdoc, Martin Jinek, figured out how to 
combine tracrRNA and spacer RNA into a 
“single-guide RNA” molecule; then, as a 
proof of principle, the team last year made 
several guide RNAs, mixed them with Cas9, 
and showed in a test tube that the synthetic 
complexes could find and cut their DNA tar- 
gets (Science, 17 August 2012, p. 816). “That 
was a milestone paper,” Barrangou says. 

This precision targeting drives the 
growing interest in CRISPR. Genetic engi- 
neers have long been able to add and delete 
genes in a number of organisms. But they 
couldn’t dictate where those genes would 
insert into the genome or control where gene 
deletions occurred. Then, a decade ago, 
researchers developed zinc finger nucleases, 
synthetic proteins that have DNA-binding 
domains that enable them to home in and 
break DNA at specific spots. A welcome 
addition to the genetic engineering toolbox, 
zinc fingers even spawned a company that is 
testing a zinc finger to treat people infected 
with HIV (Science, 23 December 2005, 
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p. 1894). More recently, synthetic nucleases 
called TALENs have proved an easier way to 
target specific DNA and were predicted to 
surpass zinc fingers (Science, 14 December 
2012, p. 1408). 

Now, CRISPR systems have stormed 
onto the scene, promising to even out- 
compete TALENs. Unlike the CRISPR sys- 
tem, which uses RNA as its DNA-homing 
mechanism, zinc finger and TALEN tech- 
nologies both depend on custom-making new 
proteins for each DNA target. 
The CRISPR system’s “guide 
RNAs” are much easier to make 
than proteins, Barrangou says. 
“Within a couple weeks you can 
generate very tangible results 
that using alternative methods 
would take months.” 


Target specific 
crRNA sequence 


Harnessing CRISPR 

Speed is not its only advan- 
tage. Church’s group had been 
pushing the use of TALENs in 
human cells, but when he learned 
of Doudna and Charpentier’s 
results, he and his colleagues 
made guide RNA against genes 
they had already targeted with 
TALENs. In three human cell 
types, the CRISPR system was 
more efficient than TALENs 
at cutting the DNA target, and 
it worked on more genes than 
TALENSs did (Science, 15 Feb- 
ruary, p. 823). To demonstrate 
the ease of the CRISPR sys- 
tem, Church’s team synthesized 
a library of tens of thousands 
of guide RNA sequences, capa- 
ble of targeting 90% of human 
genes. “You can pepper the 
genome with every imaginable 
CRISPR,” he says. 

That makes it possible to 
alter virtually any gene with 
Cas9, exploiting its DNA- 
cutting ability to either disable the 
gene or cut it apart, allowing sub- 
stitute DNA to be inserted. In an 
independent paper that appeared at the same 
time as Church’s, Feng Zhang, a synthetic 
biologist at the Broad Institute in Cambridge, 
Massachusetts, and his colleagues showed 
that CRISPR can target and cut two genes at 
once in human cells (Science, 15 February, 
p. 819). And working with developmental 
biologist Rudolf Jaenisch at the Whitehead 
Institute for Biomedical Research in Cam- 
bridge, Zhang has since disrupted five genes 
at once in mouse embryonic stem (ES) cells. 


www.sciencemag.org SCIENCE VOL 341 


Guide RNA 


Such work lays the foundation for 
generating mutant mice, a key tool for bio- 
medical research. One approach would be to 
add the altered mouse ES cells to a develop- 
ing embryo and breed the resulting animals. 
But Zhang has demonstrated a faster option. 
His team found it could simply inject fertil- 
ized mouse eggs, or zygotes, with Cas9 mes- 
senger RNA and two guide RNAs and, with 
80% efficiency, knock out two genes. They 
could also perform more delicate genomic 
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surgery on the embryos by shackling Cas9, 
so that it nicks target DNA instead of cutting 
it. In this way, they could introduce a new part 
of a gene through a process called homology- 
directed repair, they reported in the 2 May 
issue of Cell. 

Developing a new mouse model for a 
disease now entails careful breeding of mul- 
tiple generations and can take a year; with 
Zhang’s CRISPR technique, a new mouse 
model could be ready for testing in a matter of 
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weeks. And Zhang thinks the approach is not 
limited to mice. “As long as you can manip- 
ulate the embryo and then reimplant it, then 
you will be able to do it” in larger animals, 
perhaps even primates. 

Doudna’s group and a Korean team 
reported using CRISPR to cut DNA in 
human cells 3 weeks after Zhang’s and 
Church’s papers went online, and, at the same 
time, another group revealed they had used 
CRISPR to make mutant zebrafish. This cas- 


DNA surgeon. With just a guide RNA and a protein called Cas9, researchers first showed that the CRISPR system can home 
in on and cut specific DNA, knocking out a gene or enabling part of it to be replaced by substitute DNA. More recently, Cas9 
modifications have made possible the repression (lower left) or activation (lower right) of specific genes. 


cade of papers has had a synergistic effect, 
commanding the attention of a broad swath 
of the biology community. “If a single paper 
comes out, it gets some attention, but when 
Six papers come out all together, that’s when 
people say, ‘I have to do this,’ ” says Charles 
Gersbach, a biomedical engineer at Duke 
University in Durham, North Carolina. 

Once she saw Doudna and Charpentier’s 
paper a year ago, Gao Caixia became one of 
the early converts. Her group at the Chinese 
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Academy of Sciences’ Institute of Genetics 
and Developmental Biology in Beijing had 
been using zinc finger and TALENs technol- 
ogy on rice and wheat. Using CRISPR, they 
have now disabled four rice genes, suggesting 
that the technique could be used to engineer 
this crucial food crop. In wheat, they knocked 


bacteria, the presence of Cas9 alone is enough 
to block transcription, but for mammalian 
applications, Qi and colleagues add to it a sec- 
tion of protein that represses gene activity. Its 
guide RNA is designed to home in on regula- 
tory DNA, called promoters, which immedi- 
ately precede the gene target. 
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CRISPRed rice. Earlier this month, researchers showed CRISPR works in plants, such as rice, where the 
knocked-out gene resulted in dwarf albino individuals (right). 


out a gene that, when disabled, may lead to 
plants resistant to powdery mildew. In a mea- 
sure of the excitement that CRISPR has gen- 
erated, the team’s report in the August issue 
of Nature Biotechnology was accompanied 
by four other papers describing CRISPR suc- 
cesses in plants and in rats. 

The cost of admission is low: Free soft- 
ware exists to design guide RNA to target 
any desired gene, and a repository called 
Addgene, based in Cambridge, offers aca- 
demics the DNA to make their own 
CRISPR system for $65. Since the 
beginning of the year, Addgene— 
to which 11 teams have contributed 
CRISPR-enabling DNA sequences— 
has distributed 5000 CRISPR con- 
structs, and in a single July week 
the repository received 100 orders 
for a new construct. “They are kind 
of crazy hot,” says Joanne Kamens, 
Addgene’s executive director. 


Fine-tuning gene activity 

The initial CRISPR genome-editing papers all 
relied on DNA cutting, but other applications 
quickly appeared. Working with Doudna, Lei 
S. Qi from UC San Francisco and his col- 
leagues introduced “CRISPRi,” which, like 
RNAi, turns off genes in a reversible fashion 
and should be useful for studies of gene func- 
tion. They modified Cas9 so it and the asso- 
ciated guide RNA would still home in on a 
target but would not cut DNA once there. In 
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Last month, that team and three other 
groups used a Cas9 to ferry a synthetic 
transcription factor—a protein fragment 
that turns on genes—enabling them to acti- 
vate specific human genes. Just using one 
CRISPR construct had a weak effect, but 
all four teams found a way to amplify it. 
By targeting multiple CRISPR constructs 
to slightly different spots on the gene’s pro- 
moter, says Gersbach, one of the team lead- 
ers, “we saw a huge synergistic effect.” 


“| don’t think there's any 
example of any field 


moving this fast.” 


—Blake Wiedenheft, 
Montana State University 


In the 25 July issue of Nature Meth- 
ods, he reported activating genes tied to 
human diseases, including those involved in 
muscle differentiation, controlling can- 
cer and inflammation, and producing fetal 
hemoglobin. Two other teams also targeted 
biomedically important genes. CRISPR 
control of such genes could treat diseases 
ranging from sickle cell anemia to arthritis, 
Gersbach suggests. 
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CRISPR technology may yet have limi- 
tations. It’s unclear, for example, how spe- 
cific the guide RNAs are for just the genes 
they are supposed to target. “Our initial data 
suggest that there can be significant off- 
target effects,” says J. Keith Joung from the 
Massachusetts General Hospital in Bos- 
ton, who back in January demonstrated 
that CRISPR would alter genes in zebrafish 
embryos and has used CRISPR to turn on 
genes. His work shows that nontarget DNA 
resembling the guide RNA can become cut, 
activated, or deactivated. 

Joung’s group showed that a guide RNA 
can target DNA that differs from the intended 
target sequence in up to five of its bases. 
Zhang has gotten more reassuring results but 
says that “the specificity is still something we 
have to work on,” especially as more people 
begin to think about delivering CRISPR sys- 
tems as treatments for human diseases. “To 
really make the technology safe, we really 
have to make sure it goes where we want it to 
go to and nowhere else.” 

Researchers must also get the CRISPR 
components to the right place. “Delivery 
is an enormous challenge and will be cell 
type and organism specific,” Joung notes. 
With zebrafish, his team injects guide 
RNA and messenger RNA for Cas9 directly 
into embryos; with mammalian cells, 
they use DNA constructs. How CRISPR 
might be delivered into adult animals, 
or to treat disease in people, is just now 
being considered. 

Ultimately, CRISPR may take a place 
beside zinc fingers and TALENs, with the 
choice of editing tool depending on the 

particular application. But for now, 

researchers are dazzled by the ease by 
which they can make and test different 

CRISPR variants and by the technolo- 

gy’s unexplored potential. Charpentier 

and others are looking at the versions 
of Cas9 in other bacteria that might 
work better than the one now being 
used. Microbiologists have harnessed 
the CRISPR system to vaccinate bac- 
teria against the spread of antibiotic 
resistance genes. Church, Doudna, 

Charpentier, and others are forming 
CRISPR-related companies to begin explor- 
ing human therapeutic applications, includ- 
ing gene therapy. 

And there’s more that can be done, 
Barrangou says. “The only limitation today 
is people’s ability to think of creative ways to 
harness [CRISPR].” 

Not bad for a system that started with 
sickly bacteria. 

—-ELIZABETH PENNISI 
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The Save-the-World Foundation 


Convinced that NASA will not finish the job, a private foundation intends to raise 


$450 million for a space mission to find asteroids that may threaten Earth 


MENLO PARK, CALIFORNIA—In Antoine de 
Saint-Exupéry’s beloved novella, The Little 
Prince, a pilot stranded in the Sahara Desert 
encounters a being from an asteroid called 
B-612. “There are also hundreds of others,” 
Saint-Exupéry wrote, “some of which are so 
small that one has a hard time seeing them 
through the telescope.” 

That figure was far too conserva- 
tive. There may be a million asteroids 
with masses far greater than ocean liners 


in Earth-approaching orbits, nearly all of 


which telescopes have yet to see. Far from 
being benign abodes like the Little Prince’s 
domain, some of those Near-Earth Objects 
(NEOs) are potential killers. 

Those at least 40 meters across could 
wipe out a metropolis; a kilometer-wide 
asteroid could devastate part of a continent 
and shroud the planet in soot. NASA-spon- 
sored searches, mostly from the ground, have 
found most of the kilometer-size, civilization- 
threatening asteroids, but only a fraction— 
perhaps 1%—of the smaller, but still men- 
acing, objects. Two former astronauts with 
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a soft spot for Saint-Exupéry and a drive to 
safeguard fellow citizens have set out to find 
the rest. 

Planetary scientists agree that a full 
inventory of NEOs will require a dedicated 
space observatory—at least a half-billion-dol- 
lar proposition. That’s a stretch for NASA, in 
a thin budgetary era when new planetary mis- 
sions without “Mars” in the title are rare. Even 
the agency’s current assignment, a 2005 man- 
date from Congress to identify 90% of NEOs 
at least 140 meters wide, is behind schedule. 


More than halfway toward the target date of 


2020, NASA has found just 10% of them. 

“T believe the agency has ducked its re- 
sponsibility a little bit?’ says Lindley Johnson, 
NASA’s program executive for NEO Observa- 
tions. “I never dreamed it would take as long as 
it has to develop a robust capacity.” Although 
it now seems feasible to deflect an incoming 


asteroid, scientists would need many years of 


advance warning to do so—an unlikely cush- 
ion at current rates of discovery. 

Into this breach have stepped the astro- 
nauts and their B612 Foundation. The foun- 
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to Earth's realm. This plot tae the ate of the 
known Near-Earth Objects more than 140 meters 
across—those most dangerous should they collide 
with our planet. 


dation has set its sights on launching a 
$450 million mission by July 2018. The infra- 
red telescope, called Sentinel, would spy a 
half-million NEOs from a vantage point near 
Venus. B612 has a star-studded team of plan- 
etary science veterans and a fixed-price con- 
tract with Ball Aerospace & Technologies to 
build and operate the satellite. 

Tn the new economy of commercial ven- 
tures into Earth’s orbit, the B612 Foundation is 
aiming for much farther—into deep space— 

P propelled by noth- 
@ a | | a = ing but philanthropic 
. dollars. Although the 
sciencemag.org team’s mission design 
beens has sparked some dis- 
= view with Robert : 
Irion (http://scim.ag/ sent and the fundrais- 
pod_6148). ing goal is steep, all 
agree that Sentinel’s 
dynamic cartography of the swarm of objects 
in Earth’s milieu would transform planetary 
science. Says physicist Mark Boslough, an 
impact specialist at Sandia National Labora- 
tories in Albuquerque, New Mexico: “If we’re 
going to take the impact threat seriously, we 
have to do something like this.” 
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The Mercury 7 mystique 

The public faces of B612 are astronauts from 
two generations: CEO Edward (“Ed”) Lu, 50, 
and Russell (“Rusty”) Schweickart, 77, chair 
emeritus of the board of directors. Their pas- 
sions and cultural cachet have lifted B612’s 
profile. “The Mercury 7 
mystique of ‘the best of 
the best’ still exists,” says 
Sentinel program architect 
Scott Hubbard of Stanford 
University in Palo Alto, 
California, and former 
Mars program director for 
NASA. “They have a spe- 
cial place in society.” 

Lu, an astrophysi- 
cist and solar scientist, 
flew on two space shuttle 
missions before spending 
6 months on the Interna- 
tional Space Station in 
2003, in the wake of the 
Columbia shuttle disaster. 
He and Russian cosmo- 
naut Yuri Malenchenko 
maintained the station 
and ran experiments, but 
Lu also had time for pho- 
tography, playing a com- 
pact electric piano (his 
renditions of Beethoven’s 
Moonlight Sonata and 
Linus and Lucy by Vince 
Guaraldi are both on You- 
Tube), and Earth-gazing. 
“You see shooting stars 
below you,” he says. “You 
know where the impact 
craters are. It’s a constant 
reminder.” After leaving NASA in 2007, Lu 
worked as program manager for advanced 
projects at Google—but protecting Earth had 
become an irresistible pull. 

That transition took longer for 
Schweickart, a U.S. Air Force fighter pilot 
chosen for NASA’s third class of astronauts in 
1963. He flew on Apollo 9 in March 1969, the 
first test of the lunar module in orbit—a criti- 
cal step in the sequence leading to the moon 
landing. During a spacewalk, Schweickart had 
the rare luxury of simply watching Earth pass 
under him for 5 minutes as one of his crew- 
mates fixed a jammed camera. Not until 1974, 
during a remarkable unscripted speech to the 
Lindisfarne Association—a group dedicated 
to issues of spirituality and consciousness— 
did he express how that serendipity had 
changed him. “You know very well at that 
moment ... that you’re the sensing element for 
man,” he said. “You’re a piece of this total life. 


23 AUGUST 2013 VOL 341 


Protectors. Former NASA astronauts Ed 
Lu (top) and Rusty Schweickart spearhead 
the B612 Foundation. 


You have to bring that back somehow. And 
that becomes a special responsibility.” 

Schweickart took a step toward ful- 
filling those words in 1995 by founding the 
Association of Space Explorers, a cadre of 
former astronauts devoted to public educa- 
tion and planetary stew- 
ardship. Then in 1998, 
he saw Stanford Univer- 
sity geophysicist Norman 
Sleep speak about Earth’s 
impact history. “The 
incredible energies blew 
my mind,” he says. 

Lu and Schweickart 
soon began discussing 
how to prevent such blasts 
from happening again. 
They founded the B612 
Foundation in 2002 with 
astrophysicist Piet Hut of 
the Institute for Advanced 
Study in Princeton and 
planetary scientist Clark 
Chapman of the South- 
west Research Institute 
in Boulder. For a decade, 
they and colleagues 
examined ways to nudge 
an NEO off a collision 
course given at least 10 
years of warning. Lu and 
fellow astronaut Stanley 
Love devised the “grav- 
ity tractor,” a spacecraft 
hovering near an NEO 
to alter its orbit a touch. 
Another leading concept, 
ramming a projectile into 
an asteroid, would also do 
the trick if done far enough in advance, stud- 
ies showed. 

“We were four guys and a website and 
tens of dollars,” says Lu, who talks about plan- 
etary cataclysms with next-door-neighbor 
informality. ““We came to the conclusion that 
deflection was doable. Finding the other 99% 
[of NEOs] is the entire problem.” 

All along, the team pushed NASA to 
ramp up the search for hazardous asteroids 
—often in harsh terms from the character- 
istically blunt Schweickart. But when Lu 
spoke at Google and lamented that the gov- 
ernment seemed incapable of putting money 
down, an engineer approached him and 
said, “Why don’t you just do it?” Lu called 
Schweickart, and B612’s new purpose was 
clear to both of them. 

“We put together a list of the 10 best 
people in the world, and we hired them all,” 
Lu says. “That took about 2 weeks.” In addi- 
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tion to Hubbard, they recruited veteran mis- 
sion director Harold Reitsema, retired from 
Ball Aerospace; program manager John 
Troeltzsch, also of Ball Aerospace, who also 
manages the Kepler planet-hunting telescope; 
and mission scientist Marc Buie of the South- 
west Research Institute, an asteroid author- 
ity. B612 also convened a review team that 
Troeltzsch calls “a Who's Who of every deep- 
space mission flown in the last 45 years.” 


To Venus, and beyond 

Troeltzsch describes Sentinel as a “pinnacle 
mission” for its heritage of proven systems 
from other space probes—notably Kepler, 
the infrared Spitzer Space Telescope, and the 
comet-colliding Deep Impact. Ball Aerospace 
played a central role in each one. 

The contract between Ball and B612 lays 
out a cost of about $250 million for Sentinel; 
launch, operations, and staffing will take about 
$200 million more. In his talks, Lu specifies a 
launch date of 20 July 2018, the anniversary 
of Neil Armstrong’s famous step. Plans call 
for a 6.5-year mission, the time needed to find 
90% of the NEOs larger than 140 meters in 
diameter and perhaps half of the ones down 
to 40 meters across. Extending the mission to 
10 years would sweep up many others. 

Sentinel’s half-meter-wide telescope 
will spot NEOs with new infrared detectors 
sensitive to 10 microns—a long wavelength 
at which asteroids warmed by the sun pop 
out against the cold backdrop of space. But 
the most notable aspect of Sentinel’s design 
is its planned orbit in a path similar to that of 
Venus. This perch, Buie says, will allow Sen- 
tinel a view of fully illuminated asteroids as 
it looks out toward Earth’s orbit, away from 
the sun. Ball engineers first made a pitch for 
a Venus-like orbit in 2002, Buie recalls: “I 
said, ‘You guys have got the answer.’ I could 
see it in an instant.” 

But the choice forces compromises. For 
instance, Sentinel’s remote position means 
that it will not detect as many smaller NEOs 
in the 40-meter range as it might from a closer 
vantage, says Tim Spahr, director of the Minor 
Planet Center at the Smithsonian Astrophysi- 
cal Observatory in Cambridge, Massachu- 
setts. That’s the suspected size of the object 
that blew up in 1908 over Tunguska, Siberia, 
flattening 2000 square kilometers of forest. 
B612’s website leads off with the bold slogan 
“Sentinel: Prevent the Next Tunguska.” But 
as Spahr points out, “If you want that as your 
goal, you must stay near the Earth.” 

In another tradeoff, Sentinel’s distance 
from Earth—between roughly 40 million 
kilometers to 250 million kilometers—limits 
the amount of data it can beam back. B612 
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signed an agreement with NASA to 
use its Deep Space Network of radio 
antennae to download data, but to 
limit the burden an onboard com- 
puter will allow Sentinel to transmit 
only image frames in which an object 
appears to have moved within 1 hour. 
“The vast majority of the sky will not 
have changed,” Reitsema says. That 
step, he projects, will trim data rates 
by a factor of 1000. 

Spahr frets about that purge, 
as does astronomer Amy Mainzer 
of NASA’s Jet Propulsion Labora- 
tory (JPL) in Pasadena, California, 
who has proposed that NASA fund 
an alternative NEO-hunting satel- 
lite, called NEOCam, to be stationed 
closer to Earth. “Most of what you’ll 
find that’s new is at the faintest limit 
of detection,” she says. “You have to have all 
of the data [to find them]. If you don’t, you 
might as well cut the telescope aperture in 
half’’ As a case in point, Mainzer notes that 
a deeper analysis of the full data set from a 
recent extension of NASA’s Wide-field Infra- 
red Survey Explorer (WISE) mission, called 
NEOWISE, should yield NEOs beyond the 
134 new ones her team announced in 2011. 

Reitsema says that the B612 team 
parsed its orbital options thoroughly 
and knows Sentinel won’t catch 
everything. But he says the goal driv- 
ing the design—notwithstanding the 
Tunguska banner on the website—is 
finding 90% of the 140-meter-size 
asteroids and above, as Congress 
dictated. For that, Reitsema states, 
“We're quite confident Venus is the 
preferred orbit.” 

If the satellite spies an NEO 
that could make a very close pass 
by Earth, large radar antennae on 
the ground will bounce signals off 
the asteroid to zero in on its trajec- 
tory. A precise orbit usually rules 
out an impact, but Lu pegs the odds 
that Sentinel will find an NEO requir- 
ing deflection sometime in the next century 
at 3-in-10. If one looms, nations will con- 
front the tangled geopolitics of deflection. 
Altering an orbit, Schweickart points out, 
may shift the likeliest impact spot from one 
country to another until the projected path 
misses Earth. Years of debate about aster- 
oids in U.N. committees, he says, haven’t 
led to a set of “mission rules” about what 
to do. “In some ways this will be the first 
global decision on survival,” he says. “Will 
we recognize our commonality well enough 
to overcome our differences?” 
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Sentinel 
(artist’s concept) ()~ 


Museum wings and observatories 
The overall reaction to B612’s plans has 
been positive. “I think they’re doing every- 
thing right,” says Donald Yeomans, manager 
of NASA’s NEO program office at JPL. But 
he worries that the philanthropic goals are 
too ambitious. 
The foundation’s immediate goal is 
$20 million in donations by the new year, 
followed by at least $40 million each 
year for a decade. To oversee the effort, 
Lu hired Karen Putnam, a veteran of 
East Coast museum fundraising and 
former CEO of the Central Park 
Conservancy in New York. Lu 
compares Sentinel’s costs to the 
wing of a major art museum— 
a “midsize project,” he says, 
“with the added benefit 
that you can help save the 
world.” Putnam declined to 
state the amount raised to 
date, noting only that “we 
have the $20 million in vari- 
ous stages in the pipeline.” 
A recent study by 
economist Alexander Mac- 
Donald, program executive 
for NASA’s emerging space office, suggests 
that B612’s financial goals are no more 
ambitious than those of classic astronomy 
ventures. MacDonald examined the costs 
of major observatories built before World 
War II, almost entirely with private money. 
When he scaled those expenses to 2008 dol- 
lars as comparable fractions of the U.S. gross 
domestic product, he found that Mount Wil- 
son Observatory in California and Yerkes 
Observatory in Wisconsin would have cost 
$408 million and $441 million, respectively. 
Others were even more lavish. 
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Space surprise. A 17-meter-wide asteroid that no one saw coming exploded in February near Chelyabinsk, Russia, but 
even space surveys will strain to find objects that small. 


If B612 falls short, might NASA 
carry the project? “We’d be happy to talk 
about a deeper public-private partnership, 
sure,” Lu says. “Our goal isn’t us building 
the telescope; our goal is completing the 
telescope.” Johnson at NASA headquar- 
ters says the climate in Washington, D.C., 
for asteroid detection is “the best that it has 
been.” At a House of Representatives sci- 
ence committee hearing in March, | month 
after the surprising airburst of a 17-meter- 
wide asteroid near Chelyabinsk, Russia, 
receptive legislators heard the B612 Foun- 
dation called out seven times by NASA 
Administrator Charles Bolden and Office 
of Science and Technology Policy Direc- 
tor John Holdren. Lu has testified twice on 
Capitol Hill as well. 

Some in the field regret that it took 

Chelyabinsk to trigger this rush of con- 
cern. “It’s unlikely any space survey would 
find such [small] objects, and they should 
not be sold that way,” says planetary scien- 
tist Edward Beshore of the University of 
Arizona in Tucson, former director of the 
Catalina Sky Survey—the world leader in 
numbers of NEOs found to date. 

Distinctions among asteroid sizes may 
elude the public, but B612 team members 
report they’ve never encountered such rapt 
reactions in classrooms, public forums, and 
elevators when they describe their goals. And 
if Sentinel flies, the new NEO catalog will 
yield rich insights into our solar system’s 
flotsam and jetsam—and how best to stay out 
of its way. “I’ve always thought that asteroids 
were solvable,” Spahr says. 

That’s just how two problem-solving 
astronauts see it. —ROBERT IRION 


Robert Irion directs the Science Communication 
Program at the University of California, Santa Cruz. 


839 


840 


Guide to games 
of life 


LETTERS | BOOKS | 


LETTERS 


edited by Jennifer Sills 


Archaeobotanical Archiving 


IN THEIR REPORT “EMERGENCE OF AGRICULTURE IN THE FOOTHILLS 
of the Zagros Mountains of Iran” (5 July, p. 65), S. Riehl et al. 
describe the advent of agriculture and domestication of wild plants 
in the Zagros Mountains, Iran. The authors write that the samples are 
currently archived at the University of Tiibingen, but we believe 
that the site of conservation and archiving should be in Iran. 
According to the First Code of Ethics, adopted by World Archae- 
ological Congress Codes of Ethics, archaeologists and anthropolo- 
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of indigenous ancestral human remains to native peoples. Archaeol- 
ogists are required to acknowledge that the indigenous cultural heri- 
tage rightfully belongs to the indigenous descendants of that heritage. 
Human remains, artifacts, or objects of special cultural significance of 
indigenous peoples should not be removed from their indigenous dis- 
covery site or country. 

The archaeobotanical samples used in the Riehl ef al. study reflect 
the thousands-year-old heritage of civilizations and should be con- 
served and archived where they were found in order to respect the 
rights of the indigenous descendants. 


Sorting carbonized plant remains. 
Response 

WE SHARE GOLZARI’S CONCERN FOR THE 
conservation of Iran’s cultural heritage. 
Two of us (M.Z. and N.J.C.) are the Iranian 
and German directors of the Chogha Golan 
excavations. Furthermore M.Z. is a gradu- 
ate of Tehran University who has spent most 
of his professional career employed by the 
Iranian Department of Antiquities. The proj- 
ect served as an important training exca- 
vation for numerous Iranian students, who 
learned how to use state-of-the-art methods 
to carefully excavate this pre-ceramic tell. 
Our team has a formal partnership with the 
Iranian Department of Antiquities to conduct 
archaeobotanical research. We were granted a 
permit to export the botanical materials from 
Chogha Golan. 

Given that there is no established facility 
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gists agree to fulfill 
their commitments to 
the ethical principles 
governing the study 
of the human past (/). 
Among these princi- 
ples is the importance 


dr.golzari@hotmail.com 
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for conducting archaeobotanical research, nor 
a facility for long-term storage of archaeo- 
botanical materials in Iran, the University of 
Tubingen, with its excellent infrastructure and 
long record of research in the fields of botany 
and archaeobotany, is an appropriate place 
to study the botanical remains from Chogha 
Golan. Our team, which is composed of Ira- 
nian and other international scholars, works 
closely with the Department of Antiquities 
in Iran, with whom we have a long relation- 
ship based on shared scientific goals, trust, 
and mutual respect. When our research has 
been completed, we will work closely with 
our colleagues at the Department of Antiqui- 
ties to decide where and how to best archive 
the botanical material from Chogha Golan. 
MOHSEN ZEIDI,* NICHOLAS J. CONARD,* 
SIMONE RIEHL2* 


‘Department of Early Prehistory and Quaternary Ecology, 
Senckenberg Center for Human Evolution and Paleoenvi- 
ronment, University of Tiibingen 72070, Tubingen, Ger- 
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sity, 72070 Tubingen, Germany. 
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Alleviating Poverty in 
India: Biodiversity’s Role 


IN THEIR NEWS FOCUS STORY “SCIENCE FOR 
all” (31 May, p. 1032), P. Bagla and R. Stone 
describe advances in technology, medicine, 
and information technology geared toward 
alleviating poverty in India. However, they 
did not highlight the link between biodiver- 
sity conservation, judicious natural resource 
management, and the quality of life and 
upward economic mobility of poor people in 
(sub)tropical countries such as India. 
Biodiversity loss is one of the great- 
est economic problems affecting the world 
(Z) and is inextricably linked with develop- 
ment. In India, deforestation in the Himalaya 
is not only driving endemic extinctions (2), 
it is also affecting villages by causing peri- 
odic droughts (p. 1033) and extreme flood- 
ing events (3), which could be exacerbated 
by the effects of climate change on glaciers 
(4). Thirty-one percent of the world’s coastal 
fishermen rely on the Bay of Bengal, an 
area enduring longstanding overfishing and 
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pollution that will likely worsen with increas- 
ing trade (5). Healthy ecosystems aid in cli- 
mate change adaptation as well as disaster 
risk reduction (6); for example, mangroves 
protected coasts during the 2004 tsunami. 
Infectious disease and biodiversity loss in 
India are strongly linked (7, 8). 

Given the synergy between biodiversity 
and sustainable development, the current sci- 
entific race against time can only take India so 
far in the fight against poverty if research on 
biodiversity conservation and relevant fields 
of social sciences do not experience com- 
parable growth. Technological innovation 
and interdisciplinary collaboration on biodi- 
versity research should be encouraged. For 
example, harnessing India’s advancements in 
space research could improve satellite map- 
ping of ecosystems and natural resources in 
difficult parts of the country (9). Changes are 
also needed in biodiversity and conservation 
policies (/0). A country that boasts four bio- 
diversity hotspots (//) and tremendous recent 
economic development (despite continuing 
income inequality and poverty) should be 
able to provide focus on biodiversity con- 
servation. Intensive research in biodiversity 
conservation and related social sciences will 
inform India’s national policy on long-term 
economic development while improving the 
quality of life of the underprivileged majority. 

ROBERT MURRAY LASLEY JR.,?* ANUJ JAIN,* 
KRUSHNAMEGH KUNTE? 
‘Department of Biological Sciences, National University of 


Singapore, 117543. Singapore. *National Center for Bio- 
logical Sciences, Bengaluru, India. 
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Protecting the Right 
To Benefit from Science 


IN THEIR POLICY FORUM “A HUMAN RIGHT TO 
science” (14 June, p. 1291), A. Chapman 
and J. Wyndham describe action the sci- 
ence and engineering community can take 
to implement Article 15 of the International 
Covenant on Economic, Social, and Cultural 
Rights (ICESCR) (/), which details the right 
to benefit from science. However, they do not 
address one salient detail: To date, the United 
States (along with Cuba, Belize, Comoros, 
Palau, San Marino, and South Africa) has 
signed but not yet ratified the ICESCR (2). 
Until the United States fully accepts the 
terms of the ICESCR, including Article 15, 
activism of the sort recommended by Chap- 
man and Wyndham is likely to have lim- 
ited impact. Their call for action by the sci- 
ence and engineering community is entirely 
appropriate and timely; however, it appears 
that the first target of that activism should be 
the US. Senate. 
JEFFREY H. MATSUURA 


Falls Church, VA 22043, USA. E-mail: jmatsuura@eblg.com 
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Response 

AS MATSUURA POINTS OUT, THE UNITED STATES 
is not a party to the ICESCR (J) and, there- 
fore, is not legally bound to implement the 
treaty, including its Article 15 recogniz- 
ing the right to enjoy the benefits of scien- 
tific progress. Nonetheless, opportunities do 
exist for the U.S. science and engineering 
community to contribute to the implementa- 
tion of this right. Although it has not ratified 
the ICESCR, the United States did sign this 
human rights treaty in 1977. The legal impli- 
cation is that the United States must not vio- 
late the “object and purpose” of the ICESCR. 
In this vein, former U.S. Assistant Secretary of 
State Michael Posner (2) and Science Adviser 
to the Secretary of State William Colglazier 
have stated publicly that the United States “as 
a policy matter” upholds the “values and prin- 
ciples” of the right to benefit from science (3). 

There are three ways the U.S. science and 
engineering community can contribute to the 
implementation of Article 15: 

(i) The UN body that monitors imple- 
mentation of the ICESCR regularly reviews 
reports of states outlining how they imple- 
ment their obligations. Any group may sub- 
mit a “shadow report” to supplement this 
information. U.S. scientists and engineers 
could provide information about the perse- 
cution of scientists, budgetary restrictions, 
or positive strides in strengthening science 
education. 

(ii) Every 4.5 years, the UN Human 
Rights Council reviews the human rights 
record of all members of the United Nations. 
This universal periodic review is not limited 
to a review of treaties ratified by a country. 
As part of this process, the U.S. science and 
engineering community could submit infor- 
mation about U.S. policies and programs 
relating to science and their impact on and 
implications for human rights. 

(111) The framework provided by Article 
15 need not be legally binding to inform U.S. 
policies and programs. Taking specific ele- 
ments of Article 15, the science and engi- 
neering community could work with relevant 
agencies to assess or develop programs that 
reflect the principles of Article 15 and inform 
policy development. 

AUDREY R. CHAPMAN** AND 
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Community Medicine, University of Connecticut Health 
Center, Farmington, CT 06030, USA. *Scientific Respon- 
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CORRECTIONS AND CLARIFICATIONS 


News of the Week: “World food prize” (28 June, p. 
1507). The story should have noted that in 1983, Marc Van 
Montagu, Jeff Schell, and colleagues at Ghent University (Bel- 
gium) also reported developing genetically modified plants. 


News & Analysis: “Supreme Court rules out patents on 
‘natural’ genes” by E. Marshall (21 June, p. 1387). The 
story reported incorrectly that Myriad Genetics Inc. “sued 
a number of private outfits” for infringement of Myriad’s 
gene patents. Before the recent Supreme Court case, Myriad 
points out, the company engaged in litigation in one other 
dispute over BRCA patents, involving Oncormed Inc., and 
only after Oncormed sued Myriad. 


Perspectives: “A theory of city size” by M. Batty (21 June, 
p. 1418). The plot in the figure on p. 1419 is logarithmic 
in scale. The y-axis label should have been “log (Accessibil- 
ity)”; the x-axis label should have been “log (Population).” 
The labels have been corrected in the HTML and PDF ver- 
sions online. 


Table 1. Original and corrected correlations for analyses associated with Fig. 2, A to D. 


Associated 
with 


Correlation between 
integrated prevalence and 


Original correlation 


Corrected correlation 


Maximum prevalence Text result 
Evolutionary change Fig. 2A 
Predation index (body size) Fig. 2B 
Total nitrogen (TN) Fig. 2C 
Total phosphorus (TP) Fig. 2D 


r=0.89, P= 0.008 r=0.90, P = 0.006 
r=0.86, P=0.030 r=0.83,P =0.041 
r=0.86, P=0.029 r=0.87, P=0.024 
r=0.83, P=0.040 r=0.83, P=0.043 
r=05,P=0.3 r=0.6,P=0.2 


Table 2. Corrected analyses associated with Fig. 2, E and F, analyzing differences between the 


two evolutionary groups (populations evolving in 
susceptibility). 


creased resistance versus increased 


Difference between two 
evolutionary groups in 


Original f test 


Corrected f test Repeated measures 


analysis on corrected 


data 
Predation index (body size) ft=3.19,P=0.033 £=2.21,P=0.092 F=10.67,P=0.011 
Total nitrogen (TN) t=3.18,P=0.034 t=2.16,P=0097 F=13.42,P=0.005 
Total phosphorus (TP) t=0.88, P=0.43 t=0.88, P=0.43 F =1,23, P=0.33 


Reports: “Ecological context influences epidemic size and 
parasite-driven evolution,” by M. A. Duffy et al. (30 March 
2012, p. 1636). Correction of a data error has resulted in 
minor quantitative but no qualitative changes to results pre- 
sented in this study. New correlation statistics in Fig. 2, Ato D, 
appear in Table 1. All correlations remain significant at the a 
= 0.05 level. For Fig. 2, E and F, the updated data prompted 
use of a more powerful analysis (Table 2). The authors had 
used three ¢ tests to compare values of key variables between 
lakes in which hosts evolved increased resistance or increased 
susceptibility. Using the revised data, t¢ tests for predation 


index (body size) and total nitrogen became insignificant 
(Table 2). However, these f tests have very low power (N = 
6 total). With a more powerful repeated measures analysis 
[Proc Mixed in SAS, using an AR(1) covariance structure to 
account for autocorrelated error structure], the new results 
mirror conclusions from the original t tests (Table 2). Thus, 
after correcting the data, the conclusions remain unchanged: 
(i) Hosts can evolve enhanced susceptibility to their virulent 
parasites during epidemics, and (ii) ecological context influ- 
ences epidemic size, which, in turn, determines evolutionary 
responses of hosts to epidemics. 
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CONSERVATION BIOLOGY 


We Need More Than Preservation 


Stephen Redpath 


to northern India. Together with col- 

leagues from the Snow Leopard Trust, I 
was staying in the small village of Kibber in 
Spiti Valley, high up in the Himalayas, sur- 
rounded by snow-capped peaks and deep, 
dramatic gorges. As it turns out, for reasons 
that I will later explain, this was an entirely 
appropriate place to read Peter Alagona’s 
captivating work. 

The book focuses on the history of endan- 
gered species conservation in California. 
Alagona (a historian at the University of 
California, Santa Barbara) offers absorb- 
ing accounts of the changing fortunes of 
five species in the Golden State: grizzly bear 
(Ursus arctos horribilis), California condor 
(Gymnogyps californianus), Mojave des- 
ert tortoise (Gopherus agassizii), San Joa- 
quin kit fox (Vulpes macrotis mutica), and 
Delta smelt (Hypomesus transpacificus). 
He presents each of these stories in its rich 
historical and political context, amid evoc- 
ative descriptions of the landscapes and 
habitats where the species live. These case 
studies highlight the evolving challenges 
involved in conserving threatened species in 
a state that is now home to one in eight Amer- 
icans. Over the past hundred years, attitudes 
toward wildlife, wildlife man- 
agement, and wilderness have 
been transformed, and this 
has altered the arguments and 
focus of conservation. 

Alagona, a gifted writer, 
skillfully brings to life the peo- 
ple involved in each of these 
case studies, from the grizzly 
hunters of the 19th century to 
those at the sharp end of con- 
servation today. In particular, he writes in 
depth about Joseph Grinnell (founder of the 
University of California’s Museum of Verte- 
brate Zoology) and his influential Berkeley 
circle, who decided they needed to save Cal- 
ifornia’s wildlife from the ravages of mod- 
ern man. Through these stories, Alagona 
deftly draws together his central argument: 
that the conservation of endangered species 
requires more than simply protecting patches 


[= After the Grizzly during a field trip 


in California 
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After the Grizzly 


Endangered Species 
and the Politics of Place 


by Peter S. Alagona 
University of California Press, 
Berkeley, 2013. 331 pp. $34.95, 
£24.95. ISBN 9780520275065. 


of specific habitat. For example, condors can 
travel up to 240 km in a day and therefore 
often hunt in places such as the low-elevation 
working rangelands of western California. 
Similarly, kit foxes do not behave as a “true” 
endangered species should; they now live in 
suburban Bakersfield. 

Having presented these studies in delight- 
ful detail, Alagona then calls for us to start 
thinking about how we can move away from 
our reliance on protected areas and 
start delivering a broader vision for 
conservation. He ends the book by 
suggesting that “figuring out how 
to achieve [more sustainable land- 
scapes] is one of the greatest envi- 
ronmental challenges of the twenty- 
first century.” 

Although I thoroughly enjoyed 
reading the book, I have to question 
the assertion that we have not moved 
on from solely focusing on protected 
areas as the way to conserve biologi- 
cal diversity. Of course we have. As 
Alagona himself points out, Aldo 
Leopold recognized the need to also 
develop conservation strategies in work- 
ing landscapes over 80 years ago. So it has 
long been obvious that we can’t just rely on 
pockets of protected areas if 
we want to help threatened 
species expand in range and 
numbers. We also have to 
work with the communities 
that are affected by conserva- 
tion objectives and negotiate 
solutions to the shared prob- 
lems that arise when trying 
to balance conservation with 
livelihoods. Indeed, across the 
world there have been numerous attempts 
to develop such a bottom-up approach of 
working with the people and communities 
involved, through agri-environment schemes 
(J) and a variety of community-based con- 
servation approaches [e.g., see “The Evolu- 
tion of Policy” in (2)]. 

So this brings me back to the Himalayas 
and thinking about how we might conserve 
the globally threatened snow leopard (Uncia 
uncia), which suffers from retaliatory kill- 
ing by pastoralist communities. One might 
take the top-down approach that Alagona 
describes—identifying core habitat, estab- 
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lishing large protected areas, and then using 
legislation and enforcement to penalize com- 
munities for illegally killing leopards that 
attack their livestock. This seems unlikely to 
work in remote areas, where leopards occur 
at very low density and many people living 
on the edge of poverty are scattered through 
the landscape. Alternatively, one could work 
with these communities, recognizing shared 
problems that need to be resolved and nego- 
tiating solutions that both villagers and con- 
servation organizations can live with. So far, 
in the few places this has been tried, this tack 
seems to be paying huge dividends, in terms 
of both social and ecological outcomes. The 
communities trust the conservationists, and 
retaliatory killing has stopped. Through var- 
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More symptom than cause. The Delta smelt became 
embroiled in California’s water wars. 


ious schemes, such approaches are being 
tested around the world, with mixed success. 

The book would have benefited from at 
least a nod to these other approaches and a 
glimpse into their documented successes and 
failures. It seems to me that the big question 
Alagona raises in the “Epilogue” needs to be 
recast to focus instead on the relative merits 
of various approaches to conservation in dif- 
ferent contexts. We need to understand when 
and where particular approaches will deliver 
sustainable outcomes for the species and the 
people involved. 

Despite this oversight, I highly recom- 
mend After the Grizzly to anyone interested 
in gaining insight into the wonderful rich- 
ness of conservation. Alagona adroitly doc- 
uments the roles that historical contingency 
and a few influential, passionate people can 
play in shaping the mixed fortunes of endan- 
gered species. 
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EVOLUTION 


0 Brave New World 
with Such Games 
Benjamin Allen’ and Martin A. Nowak? 


stag might fight to death over a ter- 

ritory or concede it uncontested to 

another. Neighboring trees invest 
varying amounts of energy into growth, with 
the tallest blocking sunlight to others. Viruses 
infecting a common cell can either make all 
proteins required for their reproduction or 
free ride on those made by others. How does 
evolution shape the strategic phenotype of 
organisms in life-and-death contests? 

Such questions fall within the domain 
of evolutionary game theory, a field that 
combines strategic concerns with the fun- 
damental principles of evolution. A game 
is a simple way to represent interactions. 
Players choose from a set of 
possible strategies; for exam- 
ple, fight or retreat, cooper- 
ate or defect. The results are 
recorded as payoffs received 
by each player. The basic idea 
of evolutionary game theory is 
to link payoff to reproductive 
success (/). Thus, a successful 
strategy will increase in abun- 
dance over generations as it is 
successively transmitted from parent to off- 
spring. Evolutionary game theory applies 
whenever fitness depends on the pheno- 
types or actions of others; the fitness land- 
scape changes as the population explores 
it (2). The resulting evolutionary dynamics 
can lead to dominance of a single strategy, 
coexistence of multiple strategies, periodic 
cycling, or even chaos (3). 

In its first decades, evolutionary game 
theory focused primarily on notions of evo- 
lutionary stability and deterministic dynam- 
ics. Previous textbooks (3-6) concentrated 
on these early themes. However, the scope of 
evolutionary game theory is rapidly expand- 
ing—both in terms of the range of situations 
considered and the variety of underlying 
models of evolution. Mark Broom and Jan 
Rychtat’s Game-Theoretical Models in Biol- 
ogy provides a comprehensive, up-to-date 
introduction that uniquely blends mathemati- 
cal clarity and biological intuition. 


Jan Rychtar 
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Crucial contest. Black grouse (Tetrao tetrix) clashing at Finnish lek. 


The first half explores the many ways 
that the concepts “game” and “evolution” 
can be realized. Moving beyond the tradi- 
tional focus on matrix games, Broom and 
Rychtar” (mathematicians at City University, 
London, and the University of North Carolina 
at Greensboro, respectively) explore non- 
linear and asymmetric games, 
games among many players, 
games with sequential moves, 
and games that change with 
players’ ages and other 
variables. They discuss not 
only evolution in terms of 
competition among existing 
strategies but also long-term 
evolution through successive 
trait substitutions. The authors 
also examine the effects of population size 
and structure, providing an entry point into 
one of the most active and exciting new 
directions in the field. 

The second half brings to life the math- 
ematical frameworks introduced earlier, 
focusing on specific investigations of impor- 
tant biological phenomena. Through detailed 
exposition and modeling of conflicts that arise 
in the contexts of group living, mating, forag- 
ing, and predation, the authors illuminate not 
only the behaviors that emerge in these par- 
ticular contexts but also the process of match- 
ing mathematical framework to biological 
reality, a critical skill for aspiring evolutionary 
theorists. One especially interesting analysis 
considers a sperm-allocation dilemma: males 
must produce the amount that maximizes their 
reproductive chances, given that each female 
may mate with multiple males. 

One chapter concerns the evolution of 
cooperation, a topic of great interest in biol- 
ogy, psychology, economics, and philoso- 
phy. A controversy in this field exists over kin 
selection, by which cooperation can spread if 
the benefits go primarily to genetic relatives. 
In some simplified models, this idea can be 
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formulated as Hamilton’s rule. In dispute is 
whether kin selection is a universal expla- 
nation for cooperation or merely one mech- 
anism among several (7). This seemingly 
straightforward question has become clouded 
for two reasons. First, some researchers 
apply the term “kin selection” to any situa- 
tion in which there is association (genetic 
or not) among like phenotypes, thus vastly 
stretching its meaning. Second, some use lin- 
ear regression to rewrite frequency changes 
so that Hamilton’s rule appears to be satis- 
fied, regardless of the underlying biological 
reasons for change. In contrast, Broom and 
Rychtar offer a refreshingly clear exposition 
of kin selection, using a simple model with 
direct biological interpretation. They present 
this alongside other, distinct, mechanisms for 
cooperation such as direct and indirect reci- 
procity, avoiding the confusion that muddles 
much of the literature on this topic. 

Legend has it that John Maynard Smith 
invented the concept of evolutionary stabil- 
ity after quitting a technical account on game 
theory a few pages before he would have 
encountered the Nash equilibrium. Students 
of evolutionary game theory, however, would 
do well to read Game-Theoretical Models 
in Biology all the way to the finish line. This 
engaging primer demonstrates that there is no 
tension between mathematical elegance and 
biological fidelity: both are needed to further 
our understanding of evolution. 
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Can Rating Pre-K Programs Predict 
Children's Learning? 


T. J. Sabol,"* S. L. Soliday Hong,? R. C. Pianta,? M. R. Burchinal? 


arly childhood education programs 
Hee prekindergarten (pre-K) ]— 
characterized by stimulating and 
supportive teacher-child interactions in 
enriched classroom settings—promote chil- 
dren’s learning and school readiness (/—3). 
But in the United States, most children, 
particularly those from low-income back- 
grounds, attend programs that may not be 
of sufficient quality to improve readiness 
for school success (4). States are adopting 
Quality Rating and Improvement Systems 
(QRISs) as a market-based approach for 
improving early education, but few states 
have evaluated the extent to which their 
QRIS relates to child outcomes. We studied 
the ability of several QRISs to distinguish 
among meaningful differences in quality 
that support learning. 
QRISs are designed to rate individual pro- 
grams and to disseminate ratings to inform 
parents’ decisions about enrollment and 
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policy-makers’ decisions about investment, 
so as to create a local market for quality 
improvement intended to lead to better school 
readiness (5). Because of increased federal 
and state support, over half of all U.S. states 
now have a QRIS (5). The U.S. Department of 
Education invested $500 million in selected 
states in the Race to the Top—Early Learning 
Challenge program to expand QRISs. 
Development of each state’s QRIS is typ- 
ically based on local professionals’ judg- 
ment and involves (i) selecting measures 
of “quality” that form the individual indi- 
cators; (ii) categorizing each indicator into 
different levels of quality, and (iii) creat- 
ing rules for how to combine indicators into 
composite ratings. Differing from many 
accountability policies, QRISs typically 
do not measure child outcomes to assess 
school quality. Instead, they assess process- 
oriented and structural indicators (e.g., teach- 
ers’ qualifications). Some indicators, such as 
quality of the learning environment, are mod- 
estly related to children’s skills (2). There is 
less evidence that other indicators, such as 
family partnership, have a robust relation 
to child outcomes (6). Small-scale QRIS 
evaluations have shown mixed evidence as 
to whether ratings discriminate among pro- 
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Systems intended to rate the quality of early 
education programs may not actually reflect 
impacts on learning. 


grams that are better or worse in fostering 
learning (7). Neither the selection of qual- 
ity indicators, their categorization into lev- 
els, nor the composite ratings have been sys- 
tematically studied as they relate to children’s 
learning. 


Replicating Systems, Relating Outcomes 

We estimated associations between QRIS 
ratings and measures of children’s learning 
using a data set that included 2419 children 
in 673 public pre-K programs across the 
United States [see supplementary materials 
(SM) for details]. Data are from two studies 
that represented the variety of pre-K mod- 
els in the United States at the time (2001— 
04): the National Center for Early Devel- 
opment and Learning (NCEDL) multistate 
study of prekindergarten and the State-Wide 
Early Education Programs (SWEEP) Study. 
The studies used a stratified random sample 


On most measures of children’s learning, pro- 
grams rated high by QRIs produce outcomes 
that are not significantly better than those of 
low-rated programs. Stars indicate a statistically sig- 
nificant difference in math, prereading, expressive 
language, and social skills (*P < 0.05, **P < 0.01, 
***P < 0.001), see SM. (Left) QRIS individual mea- 
sures. (Right) Composite ratings, see (20). 
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design to select programs within each state 
system (8). 

We used the NCEDL-SWEEP data set to 
replicate as closely as possible a number of 
individual state’s QRIS scoring algorithms 
(see SM). These QRISs used the same four 
popular quality indicators to determine pro- 
gram ratings: (1) staff qualifications, includ- 
ing teacher and director level of education 
and years of experience; (11) staff-child ratio 
and group size; (iii) family partnerships; and 
(iv) learning environment, measured by the 
Early Childhood Education Rating System— 
Revised (ECERS-R) (9, /0). 

We also selected an additional indicator, 
(v) interactions, measured using the Class- 
room Assessment Scoring System (CLASS) 
(11) to assess the quality of interactions in 
the classroom. None of the selected exist- 
ing QRISs used the CLASS in program rat- 
ings. We created and tested a generic system 
that included all five quality indicators [(i) to 
(v) above], representing the most simplified 
and best predictor scoring system we could 
design based on available data (see SM). 

All analyses examined the relation among 
QRIS measures and end-of-year child out- 
comes, accounting for nesting in classrooms; 
beginning-of-year scores; state location of 
the pre-K program; and child, family, and 
program characteristics. All programs in 
the sample were subject to states’ minimum 
requirements in terms of structural features 
and teacher qualifications. Our findings can 
be interpreted as an estimate of the associa- 
tion among quality measures and child out- 
comes beyond these minimum requirements. 


Few Associations of QRISs with Outcomes 

Of the five individual quality indicators, the 
CLASS measure of teacher-child interaction 
quality consistently was the strongest pre- 
dictor of children’s learning, followed by the 
learning environment (ECERS-R; see SM). 
The structural quality measures of staff quali- 
fications, staff-child ratio, and family partner- 
ship provided weaker and less consistent pre- 
diction of children’s learning. 

The relation of child outcomes when 
children attended a program rated in the 
highest level versus the lowest level for each 
quality indicator is shown in the chart (left) 
and is based on cut-points from our generic 
QRIS. Results were similar when we used 
cut-points for the nine states regardless of 
small variations in scoring methods (see 
SM). The high-low contrast on the mea- 
sure of teacher-child interactions had the 
strongest association with children’s skills. 
Children had stronger math skills, but not 
prereading, expressive language, or social 
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skills, when they attended programs with 
the highest environmental rating scale com- 
pared with the lowest rating scale. 

We then aggregated individual qual- 
ity indicators according to generic and state 
QRIS scoring rubrics, converted to overall 
composite ratings, and compared the rela- 
tion among high- and low-rated programs on 
child outcomes (see the chart, right). Generic 
system composite ratings were not signifi- 
cant predictors of child outcomes. There 
were few associations of composite ratings 
to children’s learning in the nine replicated 
state QRISs. The association among com- 
posite ratings and child outcomes were about 
half the size of that for the single indicator of 
teacher-child interactions. 

There are important limitations of our 
approach. Most state QRISs are designed to 
be used for child care and early-learning pro- 
grams serving children from birth through 
preschool ages and typically incorporate both 
public and private programs. The NCEDL- 
SWEEP studies only include public pre-K 
programs serving preschool-age children. We 
model the association between QRIS ratings 
and child outcomes by controlling for begin- 
ning-of-year scores that may reflect preexist- 
ing differences between children. This value- 
added approach has limitations that may lead 
to biased estimates (/2, 13). We do not show 
evidence of causal impacts of QRIS indica- 
tors and composites on children’s learning. 


Implications for QRISs 

For QRISs to increase the likelihood of pre-K 
programs improving children’s school readi- 
ness, programs that receive the highest com- 
posite ratings should improve children’s skills 
more than programs that receive the lowest 
ratings. As presently designed and imple- 
mented, QRIS evaluation may not realize 
these aims. Although individual observational 
measures of quality, particularly teacher-child 
interactions, were related to children’s learn- 
ing, once multiple indicators were aggregated 
and converted to ratings, they failed to yield 
consistent relations to learning. 

States should capitalize on the rich infor- 
mation they are collecting and consider new 
methods for analyzing and disseminating it. 
Given costs associated with collecting mul- 
tiple indicators of quality, states may con- 
serve resources and enhance the validity of 
QRIS ratings by focusing on indicators with 
demonstrable links to children’s learning. To 
provide easily interpretable levels of qual- 
ity to parents and communities, states often 
transform levels of measurements from con- 
tinuous to ordinal scales. Some states already 
present information for each individual qual- 
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ity indicator, without aggregating multiple 
indicators to form one composite rating. 

These findings may have implications for 
other education accountability efforts that 
attempt to translate ratings to the public but, 
in so doing, convert multiple assessments of 
performance that are only obliquely related to 
learning, which obscures possibly important 
effects of key indicators. 

Observational measures of teacher-child 
interactions demonstrate promise for dis- 
cerning meaningful levels of pre-K qual- 
ity. Yet QRISs are not capitalizing on this 
empirical evidence. As QRISs become more 
commonplace and pre-K programs plan to 
expand enrollments, it is increasingly impor- 
tant that ratings link to children’s learning to 
ensure that states incentivize and improve the 
aspects of quality that matter most. 
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CONSERVATION 


A Critical Crossroad for BLM's 
Wild Horse Program 


Robert A. Garrott, '* and Madan K. Oli? 


Ithough horses evolved in North 

America, they went extinct 10 to 12 

thousand years ago. Spanish con- 
quistadors returned domestic horses to the 
continent in the mid-1500s, and since then, 
domestic horses have escaped captivity and 
also were purposefully released onto west- 
ern rangelands where they thrive today. 
Most free-roaming horse populations are 
managed primarily by the Bureau of Land 
Management (BLM) of the U.S. Department 
of the Interior (/). 

In 1971, the Wild Free-Roaming Horses 
and Burros Act (2) was passed, which estab- 
lishes public ownership of free-roaming 
horses and instructs federal agencies to “pro- 
tect and manage” horses as “an integral part 
of the natural system of the public lands.” 
The act mandates that BLM and other fed- 
eral agencies monitor horse numbers, deter- 
mine appropriate population levels, and 
remove excess horses from public lands “to 
preserve and maintain a thriving natural eco- 
logical balance.” However, at present, tens 
of thousands of horses are not living the life 
of “wild mustangs” as Congress intended in 
passing the Wild and Free-Roaming Horses 
and Burros Act; instead, they have reverted 
back to the status of captive, domestic live- 
stock, and the cost of the captive horse pro- 
gram is increasingly unsustainable. 

The BLM currently reports ~33,000 
free-roaming horses in the western United 
States. The National Wild Horses and Burros 
(WHB) Program has 179 designated Herd 
Management Areas, with population objec- 
tives for each, and an aggregate maximum 
goal of 23,622 horses (3). Since its incep- 
tion, the WHB Program has been embroiled 
in controversy over appropriate popula- 
tion goals, management activities, and the 
accuracy of its estimates of population size 
and growth rates (4-7). The BLM monitors 
numbers using aerial surveys and captures 
and removes horses from rangelands when 
horse numbers exceed target population size. 
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As of 2012, BLM has removed 1200 - 
>195,000 horses from public lands 
under this program (3). The act 

1000 = 


requires BLM to place removed 
horses into “private maintenance 
and care for which ... an adoption 
demand exists,” with unadoptable, 
old, and excess animals, beyond 
the adoption demand, either sold 
or “destroyed in the most humane 
manner possible” (2). The num- 
ber of horses BLM removes from 
public lands routinely exceeds 
adoption demand (8). However, 
because of pressure from horse 
advocates, administrative direc- 
tives and congressional appropri- 
ation bills prohibit killing healthy 
horses (9); therefore, BLM is left 
with large numbers of captive 
horses that must be maintained 
indefinitely. 

These policies have led to a 
complex and costly system for maintaining 
captive horses. Horses removed from pub- 
lic lands are processed in short-term holding 
facilities similar to cattle feed lots and held 
for several months or more. Many mature 
females are pregnant when captured and foal 
in the facilities, which adds to the captive 
population. Most adult males are castrated. 
Horses can be adopted from the short-term 
holding facilities, and some are removed 
through deaths, sales, or release back onto 
public lands. Excess animals are eventu- 
ally transferred to private pastures, primar- 
ily in the Midwest, that are contracted as 
long-term holding facilities. Although small 
numbers are sold, horses typically remain 
in these facilities until they die of natural 
causes. Currently, the ~45,000 horses in 
captivity exceeds the estimated 33,000 free- 
ranging horses on public rangelands (3). 

In a recently released National Research 
Council (NRC) report (7), a committee of 
14 scientists concluded that, left unman- 
aged, horse numbers on public lands would 
triple every 6 to 8 years until food and water 
became limited. Under these conditions, 
horses would be in poor health, reproduc- 
tion would be suppressed, and deaths from 
starvation and dehydration would become 
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Captive wild horses will cost the United States 
over $1 billion by 2030 unless management 
approaches change 
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Projections of U.S. captive wild horses and costs (with 95% 
confidence intervals). (see SM for more details). 


common, with mass mortality events pos- 
sible during periods of drought. High horse 
populations and limited resources would 
also degrade rangelands, which would affect 
all native species and public uses of these 
lands. Thus, although the NRC committee 
concluded that BLM must actively man- 
age wild horse populations, it asserts that 
continuing “business as usual” will impede 
effective management of wild horses on 
public lands and recommends management 
changes to put the WHB Program on a more 
sustainable course (7). 

Although the NRC report focused on sci- 
entific issues, a major impetus for chang- 
ing the WHB Program is the escalating 
costs of maintaining increasing numbers of 
horses in captivity. The WHB Program bud- 
get grew from $19.8 million in 2000 (/0) to 
$74.9 million in 2012 (3). More than 60% of 
the 2012 budget was used to maintain cap- 
tive horses, 11% expended to capture and 
remove animals from public lands, and 10% 
for adoption programs (3). To inform the 
policy debate, we extend the implications 
of the NRC report to provide a projection of 
the captive horse population and associated 
costs if current policies and management 
approaches continue. 
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The Consequences of Business as Usual 
We used records of the sex and age of 165,459 
horses removed from public lands and placed 
in captive facilities between 1990 and 2011 to 
develop demographic projections and asso- 
ciated costs (see the chart) [see supplemen- 
tary materials (SM) for details]. We made two 
basic assumptions. First, we projected the life 
span of 33,946 unadoptable horses currently 
in long-term holding facilities. Under this 
scenario, BLM will accrue 366,846 horse- 
years of maintenance costs over a 30-year 
period before all animals currently in captiv- 
ity die. Given that $45.9 million was budgeted 
to maintain 42,835 horses in captivity during 
2011 (20), annual per-horse maintenance 
costs would be ~$1074. Thus, the 30-year 
cost of maintaining horses currently in long- 
term holding facilities would be ~$394 mil- 
lion ($449 million with 2% annual inflation). 
Second, we assumed the current manage- 
ment program would continue, with a mean 
of 9412 horses in short-term holding facili- 
ties and 3803 horses transferred annually to 
long-term holding facilities. Expenses would 
be ~$1.1 billion between 2013 and 2030, and 
annual costs thereafter would be $67 mil- 
lion. Although some citizens may support 
such expenditures, these projections rein- 
force assertions (7, 8) that BLM’s current 
approach to managing horse numbers is not 
sustainable. 


A Way Forward 
More than 30 years of research on contracep- 
tive agents for feral horses have resulted in 
the development of effective vaccines that 
prevent pregnancy in both captive and free- 
ranging mares for | to 3 years (7). Experi- 
mental application of these vaccines has con- 
tributed to the control of a small horse popu- 
lation on an Atlantic Coast barrier island, and 
limited experiments on western horse herds 
have also produced encouraging results. The 
Environmental Protection Agency recently 
sanctioned two contraceptive vaccines, which 
enables their routine use for horse population 
management on western rangelands (7). The 
average life-expectancy of horses entering 
long-term holding facilities is about 15 years 
(see SM). Therefore, every horse that does 
not enter long-term holding facilities would 
save, because of contraceptive application, 
$16,110 in maintenance cost (or savings of $1 
million for every 62 horses), not considering 
the modest costs of contraceptive application. 
Uncertainties exist when attempting to 
deliver vaccines to large numbers of horses. 
Although concerns have been raised regard- 
ing behavioral, physiological, and demo- 
graphic consequences of contraceptive vac- 
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cines, none of these concerns preclude their 
use for managing rapidly increasing popula- 
tions (7). The level of reduction in popula- 
tion growth that can be realistically attained 
for western horse herds through application 
of contraceptive vaccines remains unclear. 
Large-scale management experiments, per- 
haps within an adaptive management frame- 
work, would help address some of this 
uncertainty (//). 

We estimate that the typical 15 to 20% 
annual population increase of western horse 
herds (7) could be halved by means of con- 
traceptive vaccines. If a gather-and-removal 
effort reduced the western horse popula- 
tion to the BLM’s goal of 23,622 horses and 
aggressive contraception treatment was ini- 
tiated, then BLM need only remove 2000 to 
3000 horses annually to maintain its goal. 
The number of horses annually removed 
would then more closely match adoption 
demand and that would minimize or elimi- 
nate the need for long-term maintenance of 
unadopted animals. 

Although broad-scale use of contracep- 
tives can help reduce the number of horses 
that BLM must remove to control popula- 
tions, it is not a panacea. Current contracep- 
tive vaccines are most effective when hand- 
injected, and remote delivery of vaccines 
via dart is impractical for most free-ranging 
horse populations (7). Accordingly, vaccine 
delivery will require continuing, and perhaps 
increasing, the frequency of horse captures. 
It may also take a decade of experiment and 
refinement of treatment regimens and con- 
traceptive methods to scale-up management 
to include the entire population of horses on 
western rangelands. Furthermore, most pop- 
ulations already exceed management objec- 
tives, and population modeling efforts indi- 
cate that current contraceptives can only 
reduce, not stabilize or reverse, population 
growth. Thus, even with the changes sug- 
gested by the NRC report, BLM must con- 
tinue removing horses from public lands for 
the foreseeable future. 

It is up to society to decide how they want 
their government to manage wild horses, how 
many wild horses should be accommodated 
on public lands, what should be done with 
excess horses, and how much they are willing 
to spend. The debate has gone on for many 
decades; however, we are at a critical junc- 
ture. BLM recently announced that because 
of funding constraints and lack of additional 
capacity for maintaining captive animals, it 
will substantially reduce scheduled remov- 
als of horses from public lands this year. This 
decision has been made despite worsening 
drought conditions that are causing severe 
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shortages of forage and water for horses, 
wildlife, and livestock (/2). Terminating or 
reducing active management will lead to a 
rapid increase in the number of horses, fur- 
ther exacerbating resource limitations. 

The current situation in Australia pro- 
vides a sobering view of what might be in 
store for western rangelands in the United 
States if the current management dilemma 
is not resolved. The wild horse population 
in Australia is estimated to exceed 400,000 
animals (/3), and severe drought conditions 
in central Australia have reportedly forced 
government agencies to propose shooting 
10,000 horses from helicopters to reduce 
animal suffering and environmental degra- 
dation (14). One can only hope that there is 
the political will to change current policy and 
place BLM’s WHB Program on a more sus- 
tainable trajectory. 
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GENETICS 


Mysterious Ribosomopathies 


Kathleen L. McCann‘ and Susan J. Baserga’?? 


ibosomes are absolutely 
essential for life, gener- 
ating all cellular proteins 


required for growth. The prevail- 
ing thought for many years was 
that mutations in ribosomal pro- 
teins or ribosome assembly fac- 
tors would be lethal to devel- 
oping embryos. Complete loss 
of any single ribosomal protein 
often leads to embryonic lethal- 
ity in mice (/). Yet, mutations in 
ribosomal proteins or ribosome 
assembly factors result in a puz- 
zling phenomenon—a specific 
mutation can affect a specific cell 
type and cause a tissue-specific 
human disease. What accounts 
for this tissue proclivity has been 
a mystery. Why do defects in a 
macromolecule as ubiquitous and 
essential as the ribosome cause 
diseases—ribosomopathies— 
only in select tissues? 

Eukaryotic ribosomes are large, intricate 
cellular machines that translate messenger 
RNA (mRNA) into protein. They comprise 
four different ribosomal RNAs (rRNAs; 
18S in the small subunit and 285, 5.8, and 
5S in the large subunit), as well as ~80 ribo- 
somal proteins (see the figure). More than 
200 assembly factors and small RNAs are 
needed to synthesize ribosomes in the nucle- 
olus. Some of the structural components also 
control the processing of precursor ribosomal 
RNA (pre-rRNA), assembly of the ribosomal 
subunits, and the translation process itself. 
Over the past 15 years, mutations in ribo- 
somal proteins or ribosome biogenesis fac- 
tors have been found in patients with vary- 
ing diseases. At least 50% of patients with 
Diamond-Blackfan anemia carry mutations 
in ribosomal proteins (2). Other ribosomopa- 
thies identified include Treacher-Collins syn- 
drome, North American Indian childhood 
cirrhosis, chromosome 5q- syndrome (3, 4), 
and isolated congenital asplenia (5). 

With the exception of S5q- syndrome, ribo- 
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somopathies are congenital, indicating that 
they impair development, but this impair- 
ment is not universal among all tissues or 
organs. For example, in isolated congenital 
asplenia, the most recently discovered ribo- 
somopathy, haploinsufficiency (having only 
one functional copy of a gene, 
with the other copy inactivated 
by mutation) of the ribosomal 
protein RPSA prevents splenic 
development. These patients are 
prone to severe bacterial infec- 
tions because they lack a spleen, 
but they are otherwise healthy 
and have no other observable developmen- 
tal anomalies (5). This is surprising because 
RPSA is a component of the small subunit 
of the ribosome and is thus ubiquitously 
expressed. The mutation in RPSA is present 
in all tissues, not just the spleen, so one might 
expect haploinsufficiency of RPSA to affect 
development of all tissues, not just the spleen. 

In the case of Diamond-Blackfan ane- 
mia, mutations in any of 11 different ribo- 
somal proteins lead to bone marrow fail- 
ure. The haploinsufficiencies can affect pre- 
rRNA processing and ribosome assembly, 
but not the same steps. In North American 
Indian childhood cirrhosis, a mutation in the 
ribosome biogenesis factor hUTP4/Cirhin 
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Ribosomes are essential in all cell types, yet 
mutations to ribosomal proteins or assembly 
factors cause tissue-specific disease. 


Monolith no longer. Mutations in ribo- 
somal proteins or ribosome biogenesis 
factors have been found in patients with 
varying tissue-specific diseases. 


causes biliary cirrhosis, for 
which the only treatment is liver 
transplantation required by early 
adolescence. Little is known 
about the molecular mecha- 
nisms that lead to this disease. 
Shwachman-Bodian-Diamond 
syndrome arises from mutations 
in the SBDS protein, which is 
involved in large ribosomal sub- 
unit maturation. Patients with 
this disorder suffer not only from 
dysfunction of the pancreas, but 
also from bone marrow failure, 
skeletal abnormalities, and an 
enlarged liver. Although there 
are some shared defects among 
many of the different ribosomop- 
athies (e.g., bone marrow failure, 
skeletal abnormalities, growth retardation, 
and increased risk of cancer), these diseases 
are clinically distinct and require different 
therapeutic interventions. 

One possible explanation for the conun- 
drum of ribosomopathies is that the affected 
tissues are rapidly dividing and 
therefore are highly sensitive to 
mutations that might reduce the 

number of ribosomes. It is true 
that bone marrow cells need 
large numbers of ribosomes to 
make proteins, grow in size, 
and divide. However, this can- 
not be the full explanation, as all organ sys- 
tems in a developing embryo are rapidly 
dividing and therefore require a large num- 
ber of ribosomes. 

An alternative explanation is that the 
composition of ribosomes may be different 
in different cell types, which could account 
for the various effects of ribosomal protein 
haploinsufficiency. This idea may contradict 
the notion that ribosomes are monolithic 
machines, but itis not completely unfounded. 
Surprisingly, the reduction of a specific 
ribosomal protein can lead to changes in 
the spectrum of translated mRNAs with- 
out affecting overall protein synthesis. For 
example, when the ribosomal protein L38 
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(Rp138) is depleted, a subset of mRNAs that 
encode homeobox genes are not translated 
during mouse embryogenesis (6). Likewise, 
reduction of Rpl40 impairs translation of 
vesicular stomatitis virus mRNAs in cul- 
tured human cells (7). Indeed, the amounts of 
mRNA that encode ribosomal proteins also 
vary among tissues in the developing mouse 
embryo (6). It is not clear whether these dif- 
ferences are reflected in the constituents of 
the functioning ribosome. If so, this raises 
the question of “specialized” ribosomes, and 
one must look closely for whether ribosome 
composition influences the pathogenesis of 
ribosomopathies. 

Another possible explanation for tis- 
sue proclivity is that mutations in ribo- 
somal proteins or assembly factors result in 
reduced numbers of fully functional cyto- 
plasmic ribosomes. Although ribosome 
amounts would be adequate for survival, 
a smaller number of ribosomes could alter 
the mRNAs that are translated. This may, 
in turn, inhibit normal cellular growth and 
differentiation in specific cell types. In 
Diamond-Blackfan anemia, a mutation in 
Rpsl9 results in defects in the processing of 
the pre-18S rRNA, thereby reducing the 
amount of the small subunit that is assem- 
bled (J, 2). Indeed, in mouse erythroblasts 
with reduced amounts of Rpsl9, translation 


ofa subset of mRNAs is decreased (8). Other 
ribosomopathies with proposed nucleolar 
dysfunction, such as North American Indian 
childhood cirrhosis, may similarly result in 
reduced amounts of ribosomal subunits (9). 

Additionally, in some cases, mutations 
that disrupt ribosome assembly can cause 
the nucleolar stress response in some cell 
types. This response involves increased 
synthesis of the protein p53. This tumor 
suppressor protein arrests cell division in 
response to such stress, which leads to pro- 
grammed cell death (apoptosis) (0). In a 
mouse model for Treacher-Collins syn- 
drome, craniofacial dysmorphology was 
rescued when p53 expression was reduced 
(/1). Treacher-Collins syndrome often 
results from haploinsufficiency in TCOF1, 
the gene that encodes Treacle, a nucleolar 
protein involved in pre-rRNA synthesis. 
Similarly, in mouse (haploinsufficiency in 
Rpsl9) and zebrafish (haploinsufficiency in 
Rps29) models for Diamond-Blackfan ane- 
mia, p53 inactivation rescued some of the 
red cell lineage abnormalities (/2). How- 
ever, in a zebrafish model for Shwachman- 
Bodian-Diamond syndrome, loss of p53 did 
not rescue the associated exocrine pancreas 
developmental defects (/3). Do some cell 
types more readily succumb to nucleolar 
stress? Activation of p53 may contribute to 


the tissue proclivity of some ribosomopa- 
thies, but perhaps not all. 

Mutations in ribosomal proteins and 
assembly factors confer a broad clinical 
spectrum. Although the mechanisms under- 
lying the tissue proclivity in ribosomopathies 
are yet to be defined, these disorders do make 
it increasingly clear that the days of thinking 
of ribosomes as unchanging monoliths are 
coming to an end. 
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Megacity Megaquakes— 


Two Near Misses 


Ross S. Stein’ and Shinji Toda? 
T mark on Santiago de Chile and 
Tokyo, well beyond the rupture 
zones, raising questions about the future 
vulnerability of these and other cities that lie 
in seismically active regions. Though spared 
strong shaking, the megacities nevertheless 
lit up in small quakes, perhaps signaling an 
abrupt change in the condition for failure 
on the faults beneath the cities. To detect 
such changes in earthquake rate requires 
good seismic monitoring networks; 
to respond to such hazard increases with 
civic preparations requires good govern- 
ment. 


wo recent earthquakes left their 
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When the moment magnitude M,, = 8.8 
Maule earthquake struck the Chilean coast 
before dawn on 27 February 2010, its strong 
shaking and modest tsunami killed 550 peo- 
ple and led to the collapse of some large 
buildings. Chile’s capital city Santiago lies 
400 km from the high-slip portion of the 
rupture and 100 km beyond its edge. On the 
afternoon of 11 March 2011, the M,, = 9.0 
Tohoku earthquake struck the coast of Japan, 
causing a massive tsunami that claimed 
most of the earthquake’s 18,564 victims 
and wreaked great damage. Reminiscent of 
Santiago, Japan’s capital city Tokyo lies 
400 km from the high-slip portion of the 
rupture and 100 km beyond its edge. 
Because of this distance, both cities 
largely escaped the consequences of the 
quakes. 


Published by AAAS 


Seismicity patterns after large earthquakes 
suggest that the earthquake hazard can rise 
sharply in areas well beyond the mainshock 
rupture zone. 


But it may not have been a clean get- 
away. Immediately after both megaquakes, 
the rate of small shocks beneath each city 
jumped by a factor of about 10. In Santiago, 
the quake rate remains twice as high today 
as it was before the Maule shock; at Tokyo it 
is three times as high (see the figure). What 
this higher rate of moderate (M/,, < 6) quakes 
portends for the likelihood of large ones 
is difficult—but imperative—to answer, 
because Tokyo and Santiago are probably 
just the most striking recent cases of a com- 
mon phenomenon: seismicity increases well 
beyond the rupture zone. 

Tokyo and Santiago, both founded in 
about 1600, were all but destroyed twice by 
earthquakes, Santiago in 1647 and 1730, 
Tokyo in 1855 and 1923. Santiago’s 6 mil- 
lion inhabitants constitute 38% of the Chil- 
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ean population; greater Tokyo’s 
staggering 35.6 million inhab- 
itants represent 28% of Japan’s 
population. Fortunately, they 
are among the world’s most 
earthquake-resilient cities, 
because they have regularly 
updated and strictly enforced 
construction codes. Neverthe- 
less, the concentration of peo- 
ple, older buildings, wealth, 
and governmental functions 
renders the fate of these cit- 
ies important not only for their 
nations, but for the world. Fur- 
thermore, other great cities 
within reach of megaquakes 
(M,, > 8), such as Vancou- 
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ver, Taipei, Manila, Lima, and 
Jakarta, could suffer a similar 
fate; many are in developing 
nations that are far less well 
prepared for earthquakes (/). 
Following a crustal main- 
shock of any size, the rate 
of quakes smaller than the mainshock 
jumps and then rapidly decays over years to 
decades; these are termed aftershocks. The 
rate increase commonly occurs up to a dis- 
tance equal to the rupture dimension (so, 
aftershocks could lie 100 km from the end of 
a 100-km-long rupture). But the aftershocks 
can sometimes extend much farther. After- 
shocks just one magnitude unit smaller than 
their mainshock are common, and there is a 
small probability that an aftershock will be 
larger than its mainshock (2). They can thus 
not be dismissed as harmless, particularly in 
light of the damag- 
ing M = 7.1 Diizce 
shock that struck 
3 months after the 
M,, = 7.6 Izmit, Tur- 
key, mainshock (17 
August 1999), and 
the M,, = 6.3 Christ- 
church quake that 
struck 5 months after 
the M,, = 7.1 Darfield, New Zealand, earth- 
quake (4 September 2010), each 20 km 
beyond the initial rupture. Several countries 
issue short-term aftershock forecasts in the 
months after large earthquakes. But despite 
promising experiments and proposals (3-5), 
aftershock hazard has yet to be incorporated 
into national seismic hazard assessments. A 
hazard assessment that includes aftershocks 
will make its debut in the new U.S. Geo- 
logical Survey—California Geological Sur- 
vey—Southern California Earthquake Center 
model for California later this year (6). This 
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One year before M,, = 9.0 Tohoku-oki shock 


will be based on seismicity observations and 
stress transfer calculations. 

So, are the Tokyo and Santiago earth- 
quakes, 100 km from the fault rupture, after- 
shocks? The seismicity beneath Santiago is 
occurring on the adjacent unruptured section 
of the Chile-Peru trench megathrust; most 
earthquake scientists would thus deem them 
off-fault aftershocks. The shocks beneath 
Tokyo, however, illuminate a deeper, sepa- 
rate fault system. Calculations suggest that 
the stress imparted by the nearby mega- 
quakes brought the faults beneath Santiago 
and Tokyo closer to 
failure, as well as 
those to the south of 
the Tohoku rupture, 
where seismicity 
also increased (7, 8). 
Thus, they are after- 
shocks in the sense 
that they are contin- 
gent on the main- 
shock and undergo decay. 

Aftershocks do not necessarily signal a 
heightened likelihood of large shocks. They 
could simply accompany postseismic creep, 
with the creep shedding the stress imposed 
by the megaquakes. The aftershocks beneath 
Santiago and Tokyo are too deep for Global 
Positioning System observations to reveal 
unequivocally whether the faults are locked 
or creeping. But one clue is that the ratio of 
small to large shocks was not changed by 
the megaquakes. Given that we are not see- 
ing a heightened rate of small shocks alone, 
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One year after M, = 9.0 Tohoku-oki shock 


Before and after. Seismicity 1 year before (A) and 1 year after (B) the 11 March 2011 M, = 9.0 Tohoku-Oki, Japan, earthquake 
beyond the southwest edge of the rupture (7); shallower shocks are plotted atop deeper ones. The sharp jump in the rate of shocks 
beneath greater Tokyo was unexpected and continues today. In the figure, magnitude is the JMA magnitude (12). 


large shocks may now indeed be more prob- 
able than before the megaquakes by a factor 
of at least 2, calling for seismic monitoring 
and civic preparedness. It is encouraging that 
Tokyo is already the best-monitored site in 
the world, and that Chile has just installed a 
new seismic network. 

This view of seismic hazard, predicated 
on the behavior of the abundant small shocks 
and guided by stress calculations, contrasts 
with national and insurance industry hazard 
assessments. Hazard assessments and mod- 
els tend to assume that after a great quake, 
the probability of large shocks first plummets 
as earthquakes relieve accumulated tectonic 
stress on the ruptured fault and then gradually 
rises as tectonic loading restresses the fault 
over centuries to millennia. This time-depen- 
dent hazard has proven difficult to validate 
and remains the subject of debate (9, 10). The 
difficulty perhaps arises because the post- 
mainshock hazard drop is not uniform over 
the rupture surface; pockets of high stress 
remain that could nucleate the next large 
earthquake, and stress increases near the edge 
of rupture can trigger overlapping events. 

A further limitation of global seismic haz- 
ard modeling is that countries often employ 
independent approaches based on their seis- 
mic history, data quality, and scientific strate- 
gies. Differences are found not just in regions 
far apart, but even between Canada and the 
United States. The Global Earthquake Model 
(GEM) (//) was founded in 2009 as a public- 
private partnership to overcome this problem. 
Tn 2014, it will launch an open, public model 
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of global earthquake risk that includes not 
just the hazard, but its consequences in terms 
of lives and money saved and damage dimin- 
ished when protective measures are taken. 
GEM is also producing OpenQuake, a hub for 
earthquake risk assessment that aims to give 
scientists in all countries access to a common 
modeling resource. 

In the years ahead, we hope that GEM 
also tackles the time and space dependen- 
cies seen in Tokyo and Santiago and after 
many other earthquakes. More broadly, we 
need to understand whether such seismicity 


rate increases indeed signal a greater chance 
that a large earthquake will strike, because 
without this knowledge, governments will 
be reluctant to act. 
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GEOCHEMISTRY 


An Arsenic Forecast for China 


Holly A. Michael 


bout 140 million people world- 

wide drink groundwater containing 

unsafe levels of arsenic (/). Chronic 
exposure to this tasteless, odorless poison 
leads to health effects such as skin lesions and 
cancer. In China, pollution is pervasive and 
anthropogenic groundwater contamination 
has attracted attention (2). Naturally-occur- 
ring arsenic is perhaps less widespread, yet 
equally dangerous to those exposed. Though 
the problem has been known for decades (3) 
and mitigation is ongoing (4), estimates of the 
exposed population differ widely (5, 6). On 
page 866 of this issue, Rodriguez-Lado et al. 
(7) assess the probability of the occurrence of 
unsafe arsenic levels in China’s groundwa- 
ter and identify at-risk areas where data are 
sparse. They suggest that more than 19 mil- 
lion Chinese may be drinking water above the 
World Health Organization guideline of 10 
ug/liter. Such predictive models could guide 
action toward minimizing the impact of this 
widespread threat to human health. 

More than two decades of research on 
groundwater arsenic that occurs naturally in 
aquifers has laid the foundation for predict- 
ing conditions in which arsenic concentra- 
tions are likely to be high. Two hydrogeologic 
settings that promote release of arsenic from 
sediments to the dissolved forms that contami- 
nate and move with groundwater are shown in 
the figure. In reducing environments (panel A) 
under anoxic conditions, organic carbon drives 
chemical reactions that dissolve iron minerals 
on which arsenic is bound. This reductive dis- 
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@ REDUCTIVE ARSENIC RELEASE 


Reductive dissolution 


A map of possible arsenic contamination in 
China’s aquifers may guide mitigation efforts. 


@ ALKALINE ARSENIC RELEASE 


Alkaline desorption 


How arsenic is mobilized. Rodriguez-Lado et al. use land surface attributes such as geology, soil texture, salin- 
ity, river density, and slope to predict areas where reductive (A) or alkaline (B) arsenic release into groundwater 
may occur, producing a map of probability of arsenic concentration above 10 ug/liter over all of China. 


solution often occurs in wet, flat regions and 
is the main mechanism producing high arse- 
nic concentrations in the large river basins 
of South and Southeast Asia (8, 9). Arsenic 
release also happens in oxic, high-pH waters 
that promote desorption of arsenic from min- 
eral oxides (see the figure, panel B). This gen- 
erally occurs in arid regions; for example, in 
Argentina, Spain, and the southwest United 
States (/). High arsenic concentrations result- 
ing from both conditions occur in localized 
areas of China (/0, //). 

Can arsenic-releasing environments be 
identified in areas where no testing has been 
done? Easily measurable characteristics of 
land surface that indicate conditions favoring 


Published by AAAS 


release and build-up of high arsenic concen- 
trations would be ideal predictors. However, 
identification of such proxies is challenging, 
because arsenic release is affected by com- 
plex, three-dimensional processes in the sub- 
surface. Rodriguez-Lado et al. meet this chal- 
lenge by first identifying land surface charac- 
teristics that can indicate arsenic release and 
then using statistical analysis to determine 
which proxies have predictive power for aqui- 
fers in China. A combination of eight factors 
explains much of the variability in known 
arsenic concentrations and could therefore be 
used as a reliable set of indicators to predict 
the probability of arsenic occurrence in areas 
without data. 
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To estimate health risk, the authors com- 
bine the probability maps with population 
data. Although the estimated population 
affected may be high owing to mitigation 
efforts or model false positives, such esti- 
mates can be valuable tools for prioritizing 
action. In Bangladesh, where arsenic poi- 
soning is perhaps most acute, a random sur- 
vey to establish nationwide trends in arsenic 
concentration, completed in 2000 (8), pro- 
vided a foundation for impact estimates and 
more targeted studies. China is 67 times the 
size of Bangladesh, with 9 times the popula- 
tion, but arsenic occurrence is likely much 
less pervasive. Nationwide monitoring 
activities are under way (2, 6), but risk maps 
could guide more targeted screening. Risk 
maps may also prompt private well-testing 
initiatives (/2) or public pressure for mitiga- 
tion in affected areas. 

Historically, arsenic in groundwater has 
tended to be detected only after diagnosis 
of health effects (/, 5). In areas where such 
effects have not yet been identified, predic- 
tive models will enable action before the 
appearance of symptoms, which can require 
decades of chronic exposure to manifest. 
The ability to predict contamination of water 
with arsenic and potentially other poisons 
is also important where groundwater is not 
currently used for drinking and agriculture 
but may be used in the future. In Bangla- 
desh (/3), widespread installation of wells 
began in the 1970s to mitigate the problem 
of microbial contamination of surface water. 


Arsenic was not widely recognized as a natu- 
ral groundwater contaminant, and its concen- 
trations were not measured when wells were 
installed. Understanding of the conditions 
that threaten the quality of water sources can 
help to better predict, identify, and prevent 
threats in areas where little is known about 
groundwater quality. 

Recognition of the extent of the prob- 
lem is, however, only the first step toward 
relief of health impacts. Arsenic concentra- 
tions can vary widely on the scale of tens of 
meters. These small-scale patterns cannot 
be predicted from surface features that vary 
on the scale of kilometers. This variability is 
the result of a complex set of hydrological, 
geological, and biogeochemical factors that 
affect release of arsenic from sediments and 
the movement of dissolved arsenic through 
aquifers. Understanding this complexity, 
along with social and economic factors, is 
critical for identifying appropriate mitiga- 
tion options. In Bangladesh, despite decades 
of hydrogeochemical investigations and 
screening of about half of the existing wells 
(14), tens of millions of people continue to 
be exposed (/5), illustrating the challenges in 
moving from identification to mitigation. 

Many arsenic-affected basins, deltas, 
and floodplains are among the most popu- 
lated in the world; humans have fundamen- 
tally changed these landscapes and altered 
their hydrology. Understanding the anthro- 
pogenic factors that affect natural hydro- 
logical and biogeochemical processes will 
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be critical in predicting where arsenic and 
other problems exist, determining how they 
will evolve in the future, and implementing 
effective mitigation strategies to improve the 
health and livelihood of millions of people 
worldwide. 
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MEDICINE 


Gene Therapy That Works 


Inder M. Verma 


he concept of gene therapy is dis- 

| armingly simple: Introduce a healthy 
gene in a patient and its prod- 

uct should alleviate the defect caused by 
a faulty gene or slow the progression of 
disease (/). Why then, over the past three 
decades, have there been so few clini- 
cal successes in treating patients with this 
approach? A major obstacle has been the 
delivery of genes to the appropriate cell, tis- 
sue, and organ. How does one introduce a 
gene into the brain with trillions of cells, or 
the liver with billions of cells, or the rare 
hematopoietic adult stem cell that has the 
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potential to populate all lineages of lym- 
phoid and myeloid cells? Much effort has 
been devoted to finding ways to efficiently 
deliver a therapeutic gene to the desired cell 
type, resulting in sustained production of 
the gene product, ideally through the entire 
life of the recipient, without unwanted side 
effects like genotoxicity or unsettling the 
immune balance (2). On pages 864 and 865 
in this issue, Biffi et al. (3) and Aiuti et al. 
(4) report encouraging results using lentivi- 
rus-mediated gene therapy to treat children 
with rare genetic defects. 

For scientists in the field of gene ther- 
apy, good news, tinged with occasional set- 
backs, has been trickling in over the past 
decade, starting with the successful clinical 
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Gene therapy trials show a beneficial effect 
in children suffering from a neurodegenerative 
disorder or an immunodeficiency disease. 


trials of children with X-linked severe com- 
bined immunodeficiency disease (SCID) 
(5). Currently, more than 1700 clinical tri- 
als are under way worldwide, drawing on a 
wide array of gene therapy approaches for 
both acquired and inherited diseases (6). 
The approach involves genetically engineer- 
ing a virus so that it infects a target cell to 
deliver a gene, but does not cause disease. 
Retroviruses (such as lentiviruses) integrate 
their genetic material, including the new 
gene, in to the host cell genome. Such trans- 
duced host cells are transplanted back into 
the patient and proliferate with the correct 
gene, producing healthy cells (see the fig- 
ure). Biffi et al. and Aiuti et al. provide new 
hope to children with metachromatic leu- 
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Normal gene 
(ARSA or WASP) 


Metachromatic leukodystrophy (ARSA gene) 
*Halted disease manifestation or progression 


Both conditions 


*No clonal domination 
*Hematopoietic stem cell self-renewal 
and multilineage potential 


Wiskott-Aldrich syndrome (WASP gene) 


+Pretreatment eczema resolved 
Frequency of infections decreased 
*Platelet counts improved 


Clinical benefit. Children with the rare genetic dis- 
eases shown were treated with gene therapy. The 
approach delivered a normal gene, whose product 
halted or slowed gene progression up to 2 years 
after treatment. 


kodystrophy (MLD) and Wiskott-Aldrich 
syndrome (WAS), respectively, both genetic 
defects that result in a deficiency of proteins 
essential for the early years of life and lack 
any effective treatments. MLD is an auto- 
somal recessive lysosomal storage disease 
caused by mutations in the ARSA gene, lead- 
ing to a deficiency of the enzyme arylsulfa- 
tase A, and hence the buildup of toxic sulfa- 
tide, causing widespread demyelination and 
neurodegeneration. Children with this dis- 
ease appear healthy at birth, but gradually 
lose their cognitive and motor skills, with 
no possibility of arresting the neurodegen- 
erative process. Children born with WAS, 
an X-linked primary immunodeficiency, 
lack WASP, a protein that regulates the cyto- 
skeleton. Its loss leads to a faulty immune 
system that makes them vulnerable to the 
development of infections, autoimmune dis- 
eases, and cancer, as well as causing a defect 
in platelets that results in frequent bleeding. 
Bone marrow transplantations, when fea- 
sible, have proved to be a successful thera- 
peutic approach for these two diseases (7). 
So, in 2010, clinical trials were initiated 
using lentiviral vectors to transfer functional 
ARSA and WASP genes in bone marrow— 
derived hematopoietic stem cells (express- 
ing the marker CD34") from 16 patients, 6 
of whom suffered from WAS and 10 from 
MLD. The studies of Biffi et al. and Aiuti 
et al. report results from three patients from 
each group, for whom sufficient time has 
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Lentiviral 
vector 


18 to 24 months 
after therapy 


Transduced cell 


passed since administration of the therapy to 
allow conclusions to be drawn regarding its 
safety and efficacy. 

Biffi et al. found that in three presymp- 
tomatic children with late infantile MLD, 
treatment halted disease manifestation or 
progression for follow-up times ranging 
from 18 to 24 months, as compared to pre- 
dicted disease onset in 7 to 21 months. Sim- 
ilarly, in three children with symptoms of 
WAS, Aiuti et al. showed that pretreatment 
eczema (chronic inflammation of the 
skin) resolved between 6 and 12 months; 
decreased, progressively, the frequency of 
infections; and improved platelet counts 
after gene therapy. In both clinical trials, no 
clonal domination was observed. Analysis 
of the vector insertion site in hematopoietic 
cells showed no preferential integrations in 
a particular gene locus, thus decreasing the 
likelihood of generating an abundance of 
abnormally proliferating cells. Increasing 
presence over time of CD34° progenitors 
and mature cells of myeloid and lymphoid 
lineages marked by identical integration 
sites of the delivered gene is strong evidence 
of self-renewal and multilineage potential of 
vector-transduced hematopoietic stem cells 
after engraftment. In this regard, the studies 
of Biffi et al. and Aiuti et al. are similar to 
those reported for two boys with X-linked 
adrenoleukodystrophy, a severe demyelinat- 
ing disease caused by deficiency of an ade- 
nosine 5’-triphosphate transporter, where 
no clonal dominance was observed in len- 
tiviral vector—transduced hematopoietic 
stem cells (8). In all three trials, partial bone 
marrow ablation of the patients was re- 
quired to achieve maximum transplantation 
efficiency. 
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Hematopoietic 
stem cell 
(bone marrow) 


In the last 12 to 13 years, more than 
50 patients affected by primary immuno- 
deficiencies have been treated with geneti- 
cally transduced autologous hematopoietic 
stem cells, mostly with gamma retroviral 
vectors (9). Most patients received clini- 
cal benefits, but occurrence of leukemia 
and myelodysplasia in some patients with 
SCID-X1, chronic granulomatous disease, 
and WAS have raised questions about their 
long-term safety. These adverse events 
have generally been ascribed to vector inte- 
gration in the vicinity of specific proto- 
oncogenes, leading to their aberrant expres- 
sion and resulting in neoplasias (/0—/2). 
The integration sites can be identified by 
deep sequencing of genomes, but because 
it is not possible to efficiently propagate 
clonal populations of hematopoietic stem 
cells, analysis can be performed only after 
transplantation. Although data from lenti- 
viral-transduced hematopoietic stem cells 
in patients is limited, it appears not to 
favor any specific integration sites, though 
the appearance of a self-limiting domi- 
nant clone in the myeloid compartment of 
an individual with 6(E)/B(0)-thalassemia 
whose hematopoietic stem cells were trans- 
duced with lentiviral vectors caused con- 
cern. In this clone, activation of the gene 
HMGA2 (which encodes a transcriptional 
regulator) was caused by vector-medi- 
ated generation of a truncated transcript 
whose overexpression in mice is associ- 
ated with the development of proliferative 
hematopoiesis and clonal expansion (/3). 
Nevertheless, there was no clinical evi- 
dence supporting the existence of a preleu- 
kemic state or a substantial hematopoietic 
imbalance. 
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Why are gamma retroviral vectors prone 
to increased genotoxicity? Perhaps the sim- 
plest explanation is that their genome con- 
tains long-terminal repeats, harboring intact 
promoter and enhancer sequences which, 
upon integration in the vicinity of a growth- 
promoting gene of the host cell, can enhance 
its transcription, leading to abnormal cell 
growth. Self-inactivating (SIN) gamma ret- 
roviral vectors are being tested in clinical 
trials for comparison with SIN-lentivectors 
in terms of their genotoxicity, efficiency of 
transduction, and sustained expression of 
the transgene. Another unknown is the con- 
ditioning regime and the precise state of the 
hematopoietic stem cells being transduced, 
which may differ from patient to patient. 


With continued progress in gene ther- 
apy, scientists will likely take somatic cells 
from a patient, convert them into induced 
pluripotent stem cells, replace the defective 
gene “surgically” with the normal gene by 
homologous recombination, and differenti- 
ate them into hematopoietic stem cells, fol- 
lowed by conventional transplantation back 
into the patient. Alternatively, ways will be 
found to grow and proliferate hematopoietic 
stem cells, and bypass the need for genera- 
tion of induced pluripotent stem cells. This 
is all good news for patients suffering from 
incurable genetic diseases. 
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CHEMISTRY 


Nucleation from Solution 


Allan S. Myerson and Bernhardt L. Trout 


he formation of crystalline solids from 

solution is fundamental to many natu- 

ral and industrial processes. Crystalli- 
zation may even be the key to the formation 
of life itself (1). The crystallization process 
begins with nucleation, which plays a central 
role in determining the structure and size dis- 
tribution of the crystals. In the past decade, 
experimental and molecular modeling studies 
of ionic materials such as calcium carbonate, 
proteins, and organic molecular crystals has 
suggested that nucleation of solids from solu- 
tion does not proceed via the classical path- 
way but follows much more complex routes. 
These routes are generally referred to as two- 
step nucleation, but actually encompass a 
number of potential mechanisms (2-4). On 
page 885 of this issue, Wallace et al. (5) use 
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molecular simulations to probe CaCO, nucle- 
ation. The results provide evidence for a dense 
liquid-liquid phase in which solvated CaCO, 
clusters come together during nucleation. 

Calcium carbonate nucleation and crystal- 
lization have been studied intensively because 
of their importance in many biomineraliza- 
tion processes. Recent experimental studies 
(6) have provided evidence for stable CaCO, 
clusters with diameters as large as 2 nm. 
The authors suggest that these large clusters 
coalesce and then rearrange to form nuclei. 
Other experimental studies with cryotrans- 
mission electron microscopy and scanning 
electron microscopy have reported both sta- 
ble amorphous CaCO, clusters and CaCO, 
as a dense liquid phase. In all cases, some 
type of amorphous or liquid like precursor is 
observed. It is difficult, however, to separate 
nucleation from the growth process in these 
experimental studies. 

This difficulty is avoided in computer 
simulations, which allow molecular events 


Classical nucleation theories 
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Computer simulations of crystal nucleation 
provide evidence for two-step nucleation. 


to be analyzed in detail in a way that is cur- 
rently unfeasible experimentally. In their 
molecular simulations of CaCO, nucleation, 
Wallace et al. provide evidence for a dense 
liquid-liquid phase in which solvated CaCO, 
clusters come together during the nucle- 
ation process (see the figure). There are two 
important points to note about this result. 
First, solvent effects may govern nucleation, 
yet are often ignored (7). Second, this and 
other simulation studies over the past decade 
indicate that liquid-like or amorphous pre- 
cursors and even crystal-like configurations 
that differ from the final crystal are essential 
steps in the nucleation process (S—/0). 


How crystals nucleate. According to classical 
nucleation theory, nucleation proceeds as a one— 
step process (left). Recent experimental and com- 
putational studies have pointed to more complex 
mechanisms, referred to as two-step nucleation 
(right). Using computer simulations, Wallace et al. 
provide support for two-step nucleation and show 
that solvation plays a key role in this process. 


Two-step nucleation mechanisms 
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Given the vast evi- 
dence of adverse effects 
of obesity on morbid- 
ity and mortality, how 
could overweight or obe- 
sity promote survival? 
Ultimately, this coun- 
terintuitive notion of 
health benefits of obesity 
requires careful exami- 
nation of epidemiologi- 
cal data supported by 
mechanisms establish- 
ing causality. Although 
it is widely used, the 
BMI does not accu- 
rately measure fat con- 
tent, reflect the propor- 
tions of muscle and fat, 
or account for sex and 
racial differences in fat 
content and distribution 
of intra-abdominal (vis- 
ceral) and subcutaneous 
fat (71). Indeed, the body 
shape index (ABSI), a 
new index that quantifies 
abdominal adiposity rel- 
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Two faces of obesity and mortality? Obesity, 
defined by a high BMI, substantially increases the risk 
of developing diabetes, cardiovascular diseases, can- 
cer, and other chronic diseases, leading to higher mor- 
tality. However, it has been estimated that about 10% 
of adults in the United States have obese BMI and are 
metabolically healthy, compared with 8% who have a 
normal BMI and are metabolically unhealthy. In con- 
trast, 26% of adults have normal BMI and are healthy, 
whereas 21% have obese BMI and are unhealthy (73). 


mal weight (defined as BMI 18.5 to<25), the 
combined grades 1, 2, 3 obesity, and grades 
2 and 3 obesity, were associated with signifi- 
cantly higher all-cause mortality (3). In con- 
trast, grade 1 obesity alone was not associ- 
ated with higher mortality, and overweight 
was associated with significantly reduced 
mortality (3). These findings suggesting a 
protective influence of overweight and mild 
obesity have garnered a lot of publicity and 
controversy (/0). There are concerns that 
the sampling methods used by Flegal et al. 
did not adequately adjust for weight loss and 
higher mortality from chronic illness, smok- 
ing, and aging (/0). Furthermore, the clas- 
sification of “normal weight” within a broad 
BMI range of 18.5 to 25 may have masked 
differences between people with BMI 18.5 
to 22 and highest mortality, and those with 


www.sciencemag.org SCIENCE VOL 341 


High cancer risk 


BMI 22 to 25 and lowest mortality (/—3). 

Nevertheless, recent studies have also 
challenged assumptions about the relation- 
ship between obesity and mortality in dia- 
betes (6-8). Carnethon et al. analyzed the 
association of BMI and mortality in newly 
diagnosed diabetic patients in the United 
States (6). Deaths from all causes, cardio- 
vascular, and other diseases were higher for 
normal BMI than for overweight or obese 
BMI. This inverse relationship between 
mortality and BMI was maintained even 
after adjusting the results for ethnicity, 
cardiovascular risk factors, waist circumfer- 
ence, and smoking (6). In another study involv- 
ing 12 years follow-up of Taiwanese with type 
2 diabetes, higher mortality was associated 
with older age, male gender, longer duration 
of diabetes, insulin therapy, hypertension, and 
smoking (7). Yet, a high BMI at the time of 
enrollment into the study was associated with 
fewer deaths compared with normal BMI (7). 
Furthermore, in a 15-year study of African- 
American and Caucasian male veterans with 
diabetes, BMI was inversely associated with 
mortality in both groups (8). Importantly, the 
mortality rate was lowered by increased 
physical activity independently of BMI 
and race (8). 
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ative to BMI and height 
is thought to be a better 
predictor of mortality 
than BMI (//). Exces- 
sive visceral fat in obesity predisposes to the 
“metabolic syndrome,” associated with insu- 
lin resistance, diabetes, hyperlipidemia, and 
cardiovascular diseases (/2) (see the figure). 
In contrast, massive fat storage in peripheral 
adipose tissue has been shown to be meta- 
bolically inert in certain mouse models (/2). 
Likewise, it is possible that subcutaneous 
depots provide a safe harbor for potentially 
toxic lipids in obese individuals, thereby 
improving metabolic and cardiovascular 
health (72). The latter scenario may occur in 
some obese individuals with a healthy meta- 
bolic status, associated with a preponderance 
of subcutaneous fat, normal insulin sensitiv- 
ity, absence of diabetes, and reduced risk of 
cardiovascular diseases (/3). It is also pos- 
sible that adipose tissue provides crucial 
energy reserves to meet metabolic demands 
during chronic illness, potentially decreas- 
ing mortality in obese patients. It must also 
be considered whether health care providers 
have increasingly adopted aggressive diag- 
nostic and treatment strategies such as diet 
and exercise for obese diabetic patients, lead- 
ing to better health outcomes and reduction 
in mortality. 

How can a normal BMI be deleterious 
to health? Humans with genetic or acquired 
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defects that prevent fat storage in adipose 
tissue are thin and yet develop severe fatty 
liver, insulin resistance, and diabetes (/2). 
Furthermore, it is estimated that about 24% 
of adults in the United States with normal 
BMI have unhealthy metabolic profiles, 
even in the absence of major intercurrent 
illness (3). This “metabolically unhealthy/ 
normal BMI” phenotype manifested by 
hyperinsulinemia, insulin resistance, hyper- 
lipidemia, and increased risk of cardiovascu- 
lar diseases is of greater concern for Asians, 
who have increased body fat at normal BMI 
values and are highly susceptible to devel- 
oping diabetes (14). A low BMI may mask 
poor nutritional status and fail to detect cru- 
cial differences in fat and skeletal muscle 
content. Because skeletal muscle accounts 
for the majority of glucose disposal, loss of 
skeletal muscle mass (sarcopenia) owing to 
aging or physical inactivity, despite a nor- 
mal BMI, can impair insulin sensitivity and 
negatively affect cardiovascular health and 
mortality (15). Relative insulin deficiency or 
poor control of blood sugar in diabetes also 
lead to sarcopenia, visceral adiposity, oxida- 
tive stress, and inflammation. These, as well 
as other factors, may plausibly predispose to 
morbidity and mortality in individuals with 
apparently normal BMI. 

Another limitation of the epidemiol- 
ogy leading to the obesity-diabetes-mortal- 
ity paradox is that these studies are gener- 
ally cross-sectional or longitudinal, without 
intervention. Since obesity is linked to dia- 


betes, cardiovascular diseases, and other ill- 
nesses, weight loss remains a logical strat- 
egy for prevention and treatment. Recently, 
however, the Look AHEAD (Action For 
Health in Diabetes) study found that weight 
loss from an intensive diet and exercise pro- 
gram improved metabolic outcomes yet 
failed to reduce heart attack and stroke in 
participants with type 2 diabetes, possibly 
because the study was underpowered for 
cardiovascular outcomes (/6). Furthermore, 
in the prospective pioglitazone clinical trial 
in macrovascular events (PROactive) study 
population, obese BMI patients treated with 
the antidiabetic drug pioglitazone, which 
induces weight gain, had a lower mortality 
compared to normal weight patients, and 
weight loss was associated with increased 
mortality and morbidity (/7). Additional 
studies are needed to clarify the specific 
roles of weight intervention in normal ver- 
sus obese BMI individuals who are metabol- 
ically normal or abnormal, and the optimal 
weight associated with reduced mortality in 
obese patients with diabetes and cardiovas- 
cular disease. 

The optimal weight that is predictive of 
health status and mortality is likely to be 
dependent on age, sex, genetics, cardio- 
metabolic fitness, pre-existing diseases, 
and other factors. To quote Galileo, “Mea- 
sure what can be measured, and make 
measurable what cannot be measured.” 
Clearly, there is an urgent need for accurate, 
practical, and affordable tools for assess- 


ing body composition, adipose hormones, 
myokines, cytokines, and other biomarkers 
to serve as predictive tools for phenotyping 
obesity and related metabolic disorders and 
assessing the risk of mortality. Advances in 
these areas will allow the examination of 
biological mechanisms and provide insights 
into the causal role of obesity in health 
and disease. 
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Functional lon Defects in Transition 


Metal Oxides 
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ransition metal oxides exhibit an 

astonishing array of functionalities 

that result from a combination of the 
strongly polarizable metal-oxygen bond and 
the so-called strong correlations between the 
localized transition metal valence electrons. 
The polarizability of transition metal oxides 
causes a heightened sensitivity to exter- 
nal electric fields, which can be exploited 
in applications such as highly insulating 
dielectrics in microcapacitors. Strong elec- 
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tron correlations, which cause each valence 
electron to explicitly affect the response of 
all other valence electrons in the system, are 
believed to underlie exotic phenomena such 
as high-temperature superconductivity. The 
coexistence and cross-couplings between 
these functionalities (see the figure, panel 
A) enables materials properties that have led 
to the widespread use of oxides—for exam- 
ple, as piezoelectric transducers that convert 
mechanical energy to electrical energy— 
and may form the basis of new device par- 
adigms, such as the control of magnetism 
with electric fields. 

In addition to these intrinsic physical 
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Dynamically tuning the concentration and 
profile of ions and vacancies in transition 
metal oxides provides a route to control 
of new functionalities. 


functionalities, ionic defects can play a cru- 
cial role in enabling or enhancing function- 
ality in transition metal oxides. The impor- 
tance of defects is familiar from semicon- 
ductor physics, where defects (usually in the 
form of atoms of different chemistry) trans- 
form chemically inert, covalently bonded 
semiconductors such as silicon and gallium 
arsenide into the efficient carriers of elec- 
tronic charge on which the entire informa- 
tion age is based. In transition metal oxides, 
defects play perhaps an even more important 
role in that they can lead to entirely new prop- 
erties. For example, the parent compounds 
of the high-temperature cuprate supercon- 
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PANEL A ADAPTED FROM (17); PANEL B ADAPTED FROM (18) 


ductors are insulators, but the introduction 
of atomic point defects—either the removal 
of some ions (usually oxygen), or the substi- 
tution of some cations by others of different 
valence—is essential for the normal-state 
conductivity from which superconductivity 
emerges. 

Often, very small changes in defect 
chemistry cause profound changes in func- 
tion, for example, inducing magnetiza- 
tion from a nonmagnetic state or creating a 
transition between metallic and insulating 
states. Of particular interest, the defects— 
primarily the oxygen vacancies but also 
the cations—can move, both into and out 
of the sample as well as within it, causing, 
for example, metal-insulator transitions as 
a function of external oxygen pressure dur- 
ing electrochemical experiments (/). This 
sensitivity can be of tremendous physi- 
cal interest, but also leads to difficulties in 
characterizing, reproducing, and under- 
standing functional oxide behaviors, simi- 
lar to those encountered in early studies of 
semiconductors (2). 

Defect profiles in semiconductor devices 
are “static” states set during growth or syn- 
thesis by their concentration and chemical 
properties. In transition metal oxides, partic- 
ularly in nanoscale systems, ion and vacancy 
diffusion lengths are comparable with sys- 
tem sizes at routinely accessible tempera- 
tures and electric fields (3). Ion migration 
is already exploited in the electrochemistry 
and electroceramics communities in appli- 
cations such as solid-oxide fuel cells (4), 
lithium-ion batteries (5), and memristors (6). 
The concept we introduce here is the exploi- 
tation of the defect profile, captured in the 
chemical potential Lt as a dynamical variable 
comparable to applied stress or magnetic or 
electric fields (see the figure, panel B). 

Effects driven by such ionically active 
functionality, particularly those mediated 
by the dynamic oxygen vacancy behavior 
(7, 8), are remarkably strong. For example, 
the introduction of oxygen vacancies by 
annealing in an oxygen-poor environment 
can induce strains between | and 10% (9); in 
contrast, conventional electric field—induced 
piezoelectric lattice strains are usually tenths 
of a percent. In turn, increases in volume 
greater than 1% can have drastic effects, 
such as inducing ferroelectricity in incipi- 
ent ferroelectrics such as SrTiO,, or chang- 
ing magnetic orderings and susceptibilities 
by modifying the metal-oxygen-metal bond 
angles. Changes in cationic valence state 
associated with changes in oxygen vacancy 
concentration profoundly affect magnetic, 
electronic, and transport properties. Because 
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An extra functionality dimension from ionic activity. The usual control parameters for tuning the func- 
tionality of complex oxides—electric field F, which controls polarization P; magnetic field H, which controls 
magnetization M; and stress o, which controls strain ¢ (A)—should be augmented (B) by the chemical poten- 
tial u to capture the functionalities driven by mobile ions and defects in these materials (as described by the 


concentration of mobile species, c). 


oxygen vacancies are charged, ionic phe- 
nomena are strongly affected and can be 
controlled by electric fields. The role of the 
vacancy dynamics will likely prove partic- 
ularly important at interfaces and surfaces, 
where mobilities are high and the redistribu- 
tion of charged vacancies offers a route for 
screening electrostatic fields resulting from 
work function differences between materials 
or in response to applied electric fields. 

There is also mounting evidence that 
oxygen vacancies, which have large atomic 
volumes relative to lattice oxygen, provide a 
channel for relieving tensile strain in oxides 
deposited on substrates with larger lattice 
constants (10, //). These findings suggest 
the possibility of forming heterostructures 
between materials with larger lattice mis- 
match than was previously considered fea- 
sible, although attempts to change bond 
lengths through coherent heteroepitaxy 
could be thwarted by this mechanism. 

What are the prospects for ionically 
active functionality in transition metal 
oxides? Ongoing developments in electron 
microscopy and first-principles calculations 
will allow for increasingly accurate charac- 
terization and undoubtedly will reveal new 
phenomena. For example, recent work syn- 
ergistically using both techniques points to 
oxygen vacancy ordering in strained thin 
films, suggesting in turn a route to engineer- 
ing new kinds of periodicity in solids (/0, 
12). Developments in synthesis, particularly 
thin-film growth, will allow greater control 
of dynamic ionic defect profiles. It may be 
possible to exploit the different mobilities 
of cations and anions to engineer gradients 
in static and dynamic chemistry and carrier 
concentrations (/3). Mesoscopic scanning 


probe microscopy is opening a pathway for 
probing and manipulating vacancy dynam- 
ics locally (14), atomic-resolution scanning 
probe microscopes allow manipulation of 
vacancies with atomic precision (/5), and 
x-ray techniques enable nanoscale pattern- 
ing of device architectures (/6). These capa- 
bilities for exploring and controlling ioni- 
cally active functionality at an atomic level 
should help lay the basis for “ionotronic” 
technologies. 
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Tissue Interactions in Neural Crest 
Cell Development and Disease 


Yoshiko Takahashi,”?* Douglas Sipp,* Hideki 


The neural crest is a transient population of mi 


Enomoto?’** 


gratory cells in the embryo that gives rise to a 


wide variety of different cell types, including those of the peripheral nervous system. Dysfunction 
of neural crest cells (NCCs) is associated with multiple diseases, such as neuroblastoma and 
Hirschsprung disease. Recent studies have identified NCC behaviors during their migration and 


differentiation, with implications for their contr 


ibutions to development and disease. Here, we 


describe how interactions between cells of the neural crest and lineages such as the vascular 
system, as well as those involving environmental signals and microbial pathogens, are critically 
important in determining the roles played by these cells. 


ulation of multipotent cells that emerges 

from the dorsal aspect of the neural tube 
during early vertebrate development and gives 
rise to a remarkable variety of differentiated cell 
types, including sensory, autonomic, and enteric 
ganglia in the peripheral nervous system; the ad- 
renal medulla; melanocytes; and a range of skel- 
etal, connective, adipose, and endocrine cells (/). 
The capacity for long-range migration through 

the embryo is a second defining feature of neural 
crest cells (NCCs). The journey these cells take 
across the dynamic landscape of the developing 
embryo exposes them to myriad signals from sur- 
rounding tissue microenvironments, which vary 
by developmental site and stage. The paths of 
migrating NCCs are directed by molecular guid- 
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ance cues mediated by the binding of external 
ligands with receptors on the NCC surface. The 
differentiation, morphology, and patterning of neu- 
ral crest derivatives and the tissues with which 
they interact are also influenced by local tissue 
interactions. 

Genetically determined cell-autonomous fac- 
tors or exposure to environmental cues can result 
in inappropriate NCC differentiation, leading to 
ectopic tissue formation or an uncontrolled cell 
cycle. Defects in NCC function are associated 
with a number of serious diseases, many of which 
primarily affect pediatric patients. Thus, the great 
versatility and mobility of NCCs and their de- 
rivatives is a double-edged sword, capable of con- 
tributing to both normal embryogenesis and 
severe developmental pathologies (2). 
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Fig. 1. Schematics showing interactions between neural crest— and non—neural crest deriv- 
atives. Neural crest—derived cells are presented in blue and light blue boxes. Cell-cell interactions are 


shown by dotted arrows (light blue and red). 
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Advanced genetics and imaging technologies 
have begun to lift the veil on the in vivo dif 
ferentiation and migration of NCCs, revealing a 
number of unexpected behaviors of these cells 
and their derivatives in the development of the 
adrenal medulla, sympathetic and enteric ganglia, 
and glial Schwann cells throughout the peripheral 
nervous system, as well as in vascular remodel- 
ing and hematopoiesis (Fig. 1). In fulfilling their 
many roles, the cells of the neural crest work in 
close cooperation with other cells and tissues, 
and such interactions are now beginning to attract 
interest as potential targets in numerous diseases. 


Tissue Interactions in the Sympathetic Lineage 


Neuroblastoma is a solid tumor of the neuro- 
endocrine system that frequently develops in the 
adrenal glands and sympathetic ganglia (3). Al- 
though a number of candidate mutations have 
been identified, the etiology of this cancer remains 
poorly understood. Its pathophysiology, however, 
is a caricature of the differentiation, growth, and 
migration of the emerging sympathetic lineage. 
Deciphering the development of the sympathetic 
nervous system and the closely associated adrenal 
medulla, and the regulatory roles of tissue inter- 
actions in this process, may thus contribute to our 
understanding of this neoplasm. 

Neural crest-derived elements in the sympa- 
thetic lineage emerge early in development and 
travel considerable distances throughout the em- 
bryo. In addition to sympathetic ganglia, which 
are distributed along the anteroposterior axis, a 
defined region (corresponding to somites 18 to 
24 in the chick embryo) gives rise to precursor 
cells capable of differentiation into the endocrine 
(chromaffin) cells of both the adrenal medulla and 
the sympathetic ganglia (/). Cell migration and 
differentiation in the sympathetic lineage have 
been extensively studied, but the great majority 
of reports have focused on in vitro differentiation 
or the restriction of migration pathways in vivo 
by repulsive signaling interactions, such as those 
established by Eph/ephrin, semaphorin/neuropilin, 
and Robo/Slit (4). 

More recently, Saito et al. (5) examined how 
the migration and differentiation of cells in these 
lineages are regulated in vivo, showing how the 
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dorsal aorta, which is the first blood vessel to form 
during embryogenesis, functions as a morphogenet- 
ic signaling center that coordinates NCC migration 
and lineage segregation (Fig. 2). In response to 
aortic bone morphogenetic protein (BMP) sig- 
nals, precursor cells differentiate into separate sym- 
pathetic and adrenal medullary lineages, which 
subsequently occupy distinct regions of the em- 
bryo, with sympathetic ganglia remaining in the 
dorsal region and endocrine cells moving ven- 
trally. These BMP factors not only induce chemo- 
tactic signals that attract the precursor cells to the 
aorta but also promote the segregation of their 
daughter-cell lineages and even lay down a chem- 
ical trail that leads the adrenal medullary cells to 
their destination. Each of these BMP functions 
plays out in a context-dependent manner, high- 
lighting the importance of the in vivo environ- 
ment to the fate determination and morphogenesis 
of NCCs. 

The vascular system instructs sympathetic neu- 
ral cell behavior later in development as well. The 
projection of certain sympathetic neurons follows 
patterns established by blood vessels and medi- 
ated by ligands, including artemin (6) and endothelin 
(7). Neurons from the superior cervical ganglia, 
for example, project along the external carotid 
artery. The smooth muscle cells (pericytes) that 
ensheathe this blood vessel express endothelin- 
converting enzyme, which converts 
inactive precursor molecules to the 
bioactive form of endothelin. Intrigu- 
ingly, in the head region, these smooth 
muscle cells also derive from NCCs, 
illustrating how different neural crest 
lineages interact in complex ways 
to instruct the formation of com- 
plex multitissue systems. 

Neural crest-derived cells can also 
influence the vasculature. Schwann 
cells are glial ensheathing cells that 
cover the entire length of every neu- 
ron in the peripheral nervous system 
(8). These neurons in turn project to 
every organ system, including the 
blood vessels, making Schwann cells 
the most widely distributed form of 
neural crest—derived cell in the body. 
In addition to their function in neu- 
ral myelination, Schwann cells also 
play a role in vascular patterning. 
In the skin of embryonic mice at 
around day 15 of development, sen- 
sory neurons run parallel with arte- 
rial, but not venous, vessels during 
the period when the vascular network 
is forming. This nerve-artery associa- 
tion is mediated by the chemokine 
SDF1 (CXCL12) secreted by Schwann 
cells associated with sensory neu- 
rons (9). 

In the adult body as well, Schwann 
cells can induce differentiation of 
cells outside the neural crest lineage. 
Yamazaki et al. (10) found that sym- 
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pathetic nonmyelinating Schwann cells invade 
the bone marrow and serve as a component of the 
hematopoietic stem cell niche. An active form of 
transforming growth factor-B produced by these 
cells maintains these stem cells in a quiescent 
state. Future investigations should reveal how 
the balance between this Schwann cell-mediated 
dormancy and stem cell activation is regulated, 
particularly because it is known that the latter 
follows an oscillating circadian pattern, itself un- 
der the control of the sympathetic nervous sys- 
tem (//). 


Interactive Migration in the Developing 
Enteric Nervous System 


The enteric nervous system, which lines the en- 
tire gut and develops a wide range of independent 
functional capabilities, is also born from a mi- 
gratory population of NCCs in the foregut. These 
enteric neural crest cells (ENCCs) colonize the 
full length of the intestine. Their migration has 
always been thought to closely track that of the 
gut wall, and when the process fails, resulting in 
Hirschsprung disease (aganglionosis of the gut), 
this absence of enteric neurons is usually ob- 
served in the distal intestine, as would be ex- 
pected if ENCCs followed a purely linear course 
(72). In some rare and puzzling cases, however, 
patients exhibit “skip segments” in which par- 


Step 1 
Attraction of 


sympathetic lineages 


Step 2 
Segregation of 


adrenal medulla and 
sympathetic ganglia 


Step 3 
Guidance cues for 
medullary migration 


Fig. 2. The dorsal aorta acts as a morphogenetic center for sympathetic 
lineages. At the specific region (shown by the rectangle at the animal trunk) 
where common precursors of sympatho-adrenal lineages migrate, the dorsal 
aorta provides signals that attract early migrating cells (Step 1; transverse 
view in the scheme). Aortic signals also determine the segregation of adrenal 
medullary cells from sympathetic ganglia (Step 2). Finally, the dorsal aorta 
supports guidance molecule(s) for medullary cells to migrate ventrally. 
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tially innervated regions are found within other- 
wise aganglionic distal gut (/3), seeming to defy 
the conventional model of Hirschsprung etiology 
in which NCCs simply fail to complete their jour- 
ney down the intestinal trail (Fig. 3). 

A recent time-lapse imaging study of ENCCs 
in mice may have found the answer to the riddle 
posed by these skip segments. Nishiyama et al. 
revealed that a subpopulation of these migrating 
cells traverses directly across the mesenteric bound- 
ary separating the mid- and hindgut at a 24-hour 
period during development when they are closely 
juxtaposed, rather than taking the long way around 
(/4). This transmesenteric migration contributes 
considerably to the colonization of the distal in- 
testine by ENCCs, and interference with this short- 
cut delays hindgut innervation. A mouse model 
of Hirschsprung disease displays decreased num- 
bers of transmesenteric ENCCs, suggesting that 
impaired transmesenteric migration contributes to 
the etiology of this disease. Evidence suggests that 
migration across the mesentery relies on GDNF 
(the glial cell line-derived neurotropic factor) 
provided by hindgut mesenchyme and vascular- 
derived signals, showing the ability of ENCCs to 
sense environmental cues and adapt to changes in 
their migratory fields. 

The hitherto enigmatic skip segments ob- 
served in certain forms of Hirschsprung disease 
may thus be explained as a conse- 
quence of a failure by the transmes- 
enteric population of ENCCs to 
remerge with those that take the lon- 
ger route along the gut wall, leaving 
gaps in the enteric innervation. Such 
interactions between NCCs (sympa- 
thetic ganglia, adrenal medullary cells, 
Schwann cells, and ENCCs) and 
those of other lineages (blood ves- 
sels, hematopoietic stem cells, and 
mesentery) play crucial roles in de- 
velopment and pathogenesis. Diseases 
of the peripheral nervous system may 
thus be caused not only by inherent 
defects in NCCs but also by aberra- 
tions in the interactions between these 
cells and their environments. 


Control and Dysregulation of 
Schwann Cell Plasticity 


Neural crest-derived cells are re- 
markable not only for their migrato- 
ry capabilities; recent evidence has 
shown that they are capable of con- 
siderable plasticity as well. During 
early neurodevelopment, Schwann 
cell precursors associate closely with 
projecting neurites, which they sup- 
port through trophic interactions (8). 
Such interactions are also critical for 
subsequent Schwann cell differentia- 
tion and the maintenance of the ma- 
ture cell state. In the adult, Schwann 
cells dedifferentiate in response to in- 
jury, reverting to the precursor state 
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to promote axon regeneration and remyelination 
(8) Fig. 4). 

It was recently shown that a subpopulation of 
Schwann cell precursors is also capable of giving 
rise to melanocytes in chick and mouse. If these 
cells lose contact with nerve cells during their 
migration, they autonomously acquire a melano- 
cyte fate (/5). The authors also showed that a 
similar conversion can happen in adult Schwann 
cells after injury. These new findings recall early 
work on the plasticity of neural crest—derived 


Normal 


Hirschsprung disease 


‘Skip segment’ 
Hirschsprung disease 


Fig. 3. Gut innervation and mode of ENCC migration. (A) Schematics of the gut showing ganglionized areas 
(green) in normal (top), Hirschsprung disease (middle), and its variant, skip segment (bottom). White regions (middle 
and bottom) indicate aganglionic segments. St, stomach; SI, small intestine; Ce, cecum; LI, large intestine. (B) Mode of 
hindgut colonization by ENCCs. During the period of midgut (Mg) and hindgut (Hg) looping, transmesenteric ENCCs 
(dark blue) shortcut (white arrow) by crossing the mesentery (magenta). Enteric nervous system progenitors migrating 
only within the gut wall are shown as green. (C) A hypothetical model for the skip segment. A defect in the merged area 
between transmesenteric (blue) and circumflex (green) ENCCs can cause two aganglionic segments (arrows). 


Myelinated 
Schwann 


Fig. 4. Schwann cell plasticity during normal development and patho- 
genesis. Immature Schwann cells (Schwann cell precursors) either differ- 
entiating into or dedifferentiated from myelinated Schwann cells by nerve 
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cells by Dupin and Le Douarin, who observed re- 
ciprocal conversion between glial cells and melano- 
cytes (16, 17) by dedifferentiation to an intermediate 
bipotential progenitor state. Clonal studies of mul- 
tipotent neural crest-derived progenitors further 
revealed that the vast majority of bipotent pro- 
genitors in the neural crest lineage are able to 
differentiate into glia, irrespective of the identity 
of the other daughter cell (/8, 79), suggesting that 
the retention of glial identity may be linked to 
differentiative plasticity. 


precursor 


Differentiation 


M: leprae 


Stem cell-like 


A number of in vivo studies have lent support 
to this notion. For example, many of the sensory 
neurons in the dorsal root ganglia derive from 
boundary cap cells (20), specialized glial cells 
found at border areas between the central and pe- 
ripheral nervous systems. It has been found that 
hypoxia triggers reprogramming of glial cells in 
the carotid body to neurons (2/), and chemical 
neurotoxicity in the enteric nervous system induces 
the transdifferentiation of enteric glia to neurons, 
a compensatory response to neuronal loss (22). 

Glial plasticity has been shown 
to play a role in pathogenesis as 
well. In Hansen disease, more com- 
monly known as leprosy, the path- 
ogen Mycobacterium leprae initially 
infects Schwann cells and is sec- 
ondarily incorporated into other cell 
types, such as macrophages and mus- 
cle, resulting in granuloma forma- 
tion, sensory loss, and skin lesions. 
The mechanisms by which M. leprae 
disseminates after primary infection 
remained elusive until it was recent- 
ly shown that Schwann cells dedif- 
ferentiate after infection, losing their 
glial identity and transforming into 
highly migratory “stem cell-like cells” 
that secrete soluble chemoattractants 
for macrophages and show the abil- 
ity to differentiate into mesenchymal 
cells (23) (Fig. 4). Animal models 
of the disease have indicated that 
these reprogrammed stem cell-like 
cells and their mesenchymal proge- 
ny are responsible for the secondary 
distribution of the pathogen and for 
the formation of granulomas. The 
molecular mechanism behind this 
reprogramming remains unknown, 
but it appears that the bacterium 
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injury appear to be reprogrammed to take a melanocyte fate (black arrow). 
Upon M. leprae infection, Schwann cells are reprogrammed to stem cell—like 
cells (pink arrow), which is a critical step for disease dissemination. 
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exploits machinery specific to Schwann cells, 
which intrinsically show a high degree of cell fate 
plasticity. 

As indicated from these studies, neural crest— 
derived glial cells possess a latent form of multipoten- 
cy that is ordinarily suppressed by environmental 
cues, such as contact with neurons, but that can 
be activated in response to stimuli such as nerve 
injury and infection. Numerous forms of tissue 
stem cell-like cells have been identified in adult 
tissues, including skin, bone marrow, cornea, 
dental pulp, facial palate, and the nervous system 
(24-26), and several lines of evidence suggest 
that these cells, even those present in the same 
tissue, may have multiple distinct cellular origins 
(27, 28). Given the widespread distribution and 
differentiative plasticity of Schwann cells, we may 
need to reexamine the possible contribution of 
reprogrammed Schwann cells to stem cell-like 
cell populations in various tissues. 

Reprogrammed Schwann cells may serve as a 
cell source for neoplasms as well, although such 
cells may first lose their glial identity, as happens 
in the dissemination of M. leprae. Neuroblastoma 
may present a useful target for investigating this 
concept. At advanced stages, neuroblastoma may 
metastasize to the skin, something uncommon in 
other neoplasms, and in stage 4S neuroblastoma, 
small primary tumors and multiple metastases are 
found throughout the bone marrow, skin, and 
liver, despite which prognosis is generally favor- 
able, because these tumors often spontaneously 
regress. Given what we now know about the bi- 
ology of neural crest stem cells, these forms of 
neuroblastoma may be reconceptualized as a multi- 
focal stem cell disease (29). Although the precise 
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origin of tumor cells in these seemingly metastatic 
regions has yet to be identified, Schwann cells 
represent a highly plausible candidate. Indeed, 
one recent study showed that the forced expres- 
sion of mutations associated with neuroblastoma 
susceptibility in mice causes differentiation of 
immature sympathetic ganglion progenitors to be 
biased toward the glial lineage (30). 


Perspective 


A number of diseases of the peripheral nervous 
system, particularly those prevalent in pediatric 
populations, appear to be caused by defects either 
in NCCs or in their complex interactions with 
non-neural crest tissue environments. A clearer 
picture of the properties and behaviors of neural 
crest-derived cells as they interact with their sur- 
roundings during physiological development may 
thus help inform our understanding of the etiolo- 
gy of such diseases and, perhaps, of pathologies 
in other lineages, such as those involving hemato- 
poiesis or remodeling of the vasculature, as 
well. Fortunately, thanks to new techniques for 
genome-wide analysis and the direct visualiza- 
tion of cell migration in developing embryos, this 
picture is getting clearer all the time. 
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Introduction: Metachromatic leukodystrophy (MLD) is a neurodegenerative lysosomal storage dis- 
ease caused by arylsulfatase A (ARSA) deficiency. The disease primarily affects children and invari- 
ably leads to premature death. In previous work with a mouse model of MLD, we used a lentiviral 
vector (LV) to introduce a functional ARSA gene into hematopoietic stem cells (HSCs) ex vivo and 
showed that reinfusion of the engineered HSCs prevented and corrected disease manifestations 
in the animals. To determine whether this gene therapy strategy is safe and can offer therapeutic 
benefit to patients with early-onset MLD, we designed a phase I/II trial. 


Methods: We optimized LV manufacturing and HSC transduction in clinical grade conditions. Three 
children with ARSA deficiency and mutations associated with early-onset MLD were treated at the 
presymptomatic stage; all had at least one older sibling affected by the same disease variant. HSCs 
from the patients were transduced ex vivo with a LV carrying the ARSA gene. 

Patients were treated with a myeloablative busulfan conditioning regimen before reinfusion of 
the engineered HSCs. Clinical and objective evaluations were collected up to 24 months after treat- 
ment. Molecular follow-up of vector integration site distribution was performed on hematopoietic 
cells derived from bone marrow and peripheral blood. 


Results: There was high-level stable engraftment of the transduced HSCs in the bone marrow and 
peripheral blood of all patients at all times tested, with 45 to 80% of bone marrow-derived hema- 
topoietic colonies harboring the vector. With these high gene marking levels, ARSA activity was 
reconstituted to above normal values in the hematopoietic lineages and in the cerebrospinal fluid. 
Analysis of >36,000 different LV integration sites showed that the high gene marking was sus- 
tained by highly polyclonal engraftment of transduced cells without evidence of aberrant clonal 
behavior. Several integration sites were shared among progenitors and mature myeloid, B- and 
T-cells sampled at long intervals after treatment, indicat- 
ing efficient transduction and engraftment of HSCs. These 
findings were associated with a clear therapeutic benefit 
because the disease did not progress in any of the treated 
patients, even after the time of onset projected from sib- 
ling cases. 


Before GT (16mo) 


Discussion: Our gene therapy protocol allows stable 
engraftment of transduced HSCs at high levels and with- 
out evidence of vector-induced genotoxicity. The reconsti- 
tution of ARSA activity in the cerebrospinal fluid and the 
arrested progression of neurodegenerative disease in the 
three treated patients demonstrate that the transplanted 
cells, or their progeny, can seed the nervous system and 
deliver therapeutic levels of active enzyme. Although our 
data are promising, long-term follow-up of the patients is 
needed in order to establish the full therapeutic potential 
of this gene therapy strategy for MLD. In addition, our data 
position LV gene transfer as a feasible means to engineer 
human hematopoiesis to its near entirety—an approach 


that could be exploited for treatment of other diseases. (FLAIR) MR images. 


+ 2yrs post-GT (39mo) 
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UT LI MLD 


FLAIR 


HSC gene therapy can prevent progression of metachromatic leukodystrophy. Magnetic reso- 
nance (MR) images of the brain of a patient (MLDO1) before and after gene therapy. The brain of this 
patient appeared largely normal 2 years after treatment. In contrast, the brain of an untreated, age- 
matched late infantile MLD patient (UT LI MLD) showed severe demyelination associated with diffuse 
atrophy. (Top) Axial T2 weighted fast spin-echo MR images. (Bottom) Fluid-attenuated inversion recovery 
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Metachromatic leukodystrophy (MLD) is an inherited lysosomal storage disease caused by 
arylsulfatase A (ARSA) deficiency. Patients with MLD exhibit progressive motor and cognitive 
impairment and die within a few years of symptom onset. We used a lentiviral vector to transfer 
a functional ARSA gene into hematopoietic stem cells (HSCs) from three presymptomatic patients 
who showed genetic, biochemical, and neurophysiological evidence of late infantile MLD. 

After reinfusion of the gene-corrected HSCs, the patients showed extensive and stable ARSA 
gene replacement, which led to high enzyme expression throughout hematopoietic lineages and 
in cerebrospinal fluid. Analyses of vector integrations revealed no evidence of aberrant clonal 
behavior. The disease did not manifest or progress in the three patients 7 to 21 months beyond 
the predicted age of symptom onset. These findings indicate that extensive genetic engineering 


of human hematopoiesis can be achieved with lentiviral vectors and that this approach may 


offer therapeutic benefit for MLD patients. 


etachromatic leukodystrophy (MLD) 
M: an autosomal recessive lysosomal 
storage disease caused by mutations in 

the ARSA gene that result in a deficiency of the 
enzyme arylsulfatase A (7). ARSA deficiency 
causes accumulation of the enzyme substrate 
sulfatide in oligodendrocytes, microglia, and cer- 
tain neurons of the central nervous system (CNS), 
and in Schwann cells and macrophages of the 
peripheral nervous system (PNS). This build-up 
of sulfatide leads to widespread demyelination 
and neurodegeneration, which is ultimately mani- 
fested in patients as severe progressive motor and 
cognitive impairment. MLD is classified into clin- 
ical variants according to the age of symptom 
onset. Patients with the late-infantile (LI) variant 
show symptoms within the second year of life, 
have the most severe manifestations of the dis- 
ease, and die within a few years of symptom on- 
set. Current treatments do not substantially delay 
the progression or fatal outcome of MLD (2, 3). 
Hematopoietic stem cell transplantation (HSCT) 
and HSC gene therapy (HSC-GT) have been in- 
vestigated for the treatment of lysosomal storage 
diseases because enzyme-proficient hematopoietic 
progeny cells can migrate to the affected tissues, 
including the CNS, scavenge the stored material, 
such as sulfatide in MLD, and cross-correct the 
resident cells (4). The efficacy of these treatments 
varies among different types of lysosomal storage 
diseases (3, 5—7) and with the extent of functional 
gene expression in the transplanted cells (S—1/). 
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Achieving a high level of functional gene replace- 
ment is particularly important in the setting of 
HSC-GT; to date, gene replacement in the hem- 
atopoietic cells of treated patients has been lim- 
ited (12-15). 

In a mouse model of MLD, we have dem- 
onstrated that disease manifestations can be 
prevented and corrected with lentiviral vector 
(LV)—based HSC-GT but not HSCT (8, 9, 16). 
This is consistent with the observation that 
HSCT fails to provide consistent benefits in MLD 
patients (3, 5—7). LV-based HSC-GT induced ex- 
tensive and supraphysiological expression of the 
functional ARSA gene throughout the HSC proge- 
ny, which in turn mediated widespread cross- 
correction of CNS and PNS resident cells (8, 9). 

Translating this strategy into a clinical pro- 
tocol, however, posed several challenges, includ- 
ing gene transfer efficacy and safety. Although 
stable marking (10 to 15%) was reported in two 
patients with X-linked adrenoleukodystrophy 
(X-ALD) in the first trial of LV-mediated HSC- 
GT (/7), it was not clear whether LVs could trans- 
duce human HSCs in clinically relevant settings 
with the efficiency required for application to MLD 
gene therapy. Vector safety is also a concern in 
light of the clinical experience with y-retroviral 
vectors, which showed that genome-wide vector 
integration in hematopoietic stem/progenitor cells 
(HSPCs) has the potential to trigger leukemia 
through insertional mutagenesis (/4, 18). Although 
several studies have shown that LVs reduce the 
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risk of genotoxic insertions because of their ad- 
vanced design and the integration site selection 
typical of the parental HIV (/9, 20), it remained 
possible that increasing the total integration load 
in the infused HSPCs would offset the biosafety 
advantage. 

In the present study, we optimized LV-mediated 
gene transfer into human HSCs for clinical trans- 
lation and used this HSC-GT protocol to treat 
nine patients with early onset MLD in a phase I/II 
trial. Here, we report the outcome of the treat- 
ment in the first three treated patients at 24 months 
follow-up for patient MLDO1 and 18 months 
follow-up for patients MLD02 and MLD03. 


Results 


Efficient ex Vivo Transfer of the ARSA Gene 
into the HSPCs of MLD Patients 


Transduction of human bone marrow (BM)— 
derived CD34" cells was optimized to reach >2 
vector copy number per genome (VCN) (fig. $1), 
based on the ARSA overexpression levels re- 
quired for therapeutic efficacy in preclinical studies 
(8, 9, 21, 22). CD34" cells were stimulated ex vivo 
with early acting cytokines in serum-free medi- 
um and transduced with purified third-generation 
LVs encoding the human ARSA cDNA under the 
control of the human phosphoglycerate kinase 
promoter (PGK) (fig. S2). VCN was measured in 
the progeny of the treated cells obtained by means 
of bulk liquid culture, colony-forming assays and 
repopulation of chimeric Rag?’ ychain * mice. 
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A summary of the LV manufacturing process 
(flow chart, main steps, and yields) as well as the 
specifications set for testing the good manufac- 
turing practice (GMP) lots released for this study 
are reported in fig. S3 and tables S1 and 82. 

After optimizing the gene transfer procedures 
for human cells, we designed a clinical trial of 
HSC-GT in which autologous HSPCs from pa- 
tients with MLD would be transduced ex vivo 
with ARSA-encoding LVs and then reinfused after 
the patients had been treated by a myeloablative 
regimen using the alkylating agent busulfan (fig. 
S4). Because MLD patients usually express resid- 
ual, nonfunctional ARSA protein, they are unlike- 
ly to mount an immune response toward ARSA. 
Our trial design therefore did not include immuno- 
suppressive agents. 

Three presymptomatic MLD patients, bio- 
chemically characterized for ARSA deficiency 
and carrying mutations associated with LI MLD, 
were enrolled and treated; all patients had one or 
more older siblings with LI MLD onset within 2 
years of age (table S3). At enrollment, patients 
were defined as presymptomatic based on the lack 
of obvious clinical signs of the disease, indepen- 
dent of the presence of abnormalities in instru- 
mental tests [electroneurographic recordings (ENG) 
and/or brain magnetic resonance imaging (MRJ)]. 
Treatment of the patients began 2 to 12 months 
before the reported age of onset of the disease in 
their affected matched siblings (23-25). 

Twenty to 30 days after collection of an HSC 
back-up, a BM harvest was performed followed 
by isolation of CD34" cells by means of standard 
immunomagnetic procedures. Transduction of pa- 
tients’ CD34" cells was performed as described 
above. Cells were washed, resuspended, and kept 
at +4°C until successful completion of a first 
panel of fast quality control (QC) tests (table $4). 
The transduced CD34" cells were then released 
and infused fresh intravenously. Other relevant 
QC results (table S4) became available 2 to 5 weeks 
after infusion. VCN ranged from 2.5 to 4.4, trans- 
duction efficiency was 90 to 97%, and ARSA ac- 
tivity was reconstituted at >10-fold the level 
measured in healthy controls in the cultured prog- 
eny of the infused cells (fig. S1 and table S5). 

A myeloablative, dose-adjusted busulfan reg- 
imen [target area under the curve (AUC) 4800 
ug/L*hour] (table S5) was administered intravenous- 
ly to the patients from day —4 up to day —1 before 
HSC-GT in a total of 14 doses, with the last busulfan 
dose administered >24 hours before trans- 
duced cell infusion. The conditioning regimen 
was well tolerated. The patients experienced severe 
neutropenia (absolute neutrophil count < 500/u1) 
from as early as day +9 up to day +45 after trans- 
plant at the latest (fig. SS and table S5). No re- 
duction or only a minor transient reduction of 
lymphocyte counts was observed in the absence 
of immunosuppressive/lymphotoxic drugs in the 
pretransplant conditioning (fig. S5). Patients re- 
quired transfusional support up to day +45 after 
treatment for thrombocytopenia and anemia (fig. 
S5). Thereafter, the patients rapidly recovered he- 
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matological parameters matching the normal val- 
ues for age. No abnormal expansion or clonal 
outgrowth was detected in the peripheral blood 
(PB) and BM by cell type composition, cytologic, 
karyotypic, or immunophenotypic studies (fig. 
S5). A mild (maximum National Cancer Institute/ 
National Institutes of Health common toxicity cri- 
teria grade 2) transient increase in hepatocellular 
enzyme levels was detected within 2 to 3 weeks 
after treatment. Serious adverse events included 
two cases of central venous catheter—related in- 
fection, which promptly resolved upon antibio- 
tic treatment. Replication competent LVs (RCLs), 
antibodies to HIV Gag p24, and antibodies to 
ARSA in patients’ PB were negative at all times 
tested. 


High-Level Engraftment of the Transduced 
HSPCs and Sustained ARSA Reconstitution 


Beginning | month after transplant, we observed 
high-level stable engraftment of the transduced 
cells in the BM and PB of all patients at all times 
tested (Fig. 1A). Between 45 and 80% of the 
colonies outgrown from patients’ BM in the colony- 
forming cell (CFC) assay harbored the LV ge- 
nome (Fig. 1A). Quantitative polymerase chain 
reaction (PCR) on CD34" cells sorted from the 
patients’ BM showed stable gene marking with 
VCN ranging from 0.9 to 1.9 up to the latest follow- 
up time (Fig. 1B). Considering the fraction of 
cells harboring the vector (estimated from the 
percentage of clonogenic progenitors outgrown 
from the patients’ BM positive for LV DNA), 
these values imply a VCN of 2 to 4 in the en- 
grafted transduced CD34" cells, which closely 
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matches the data measured on the in vitro prog- 
eny of the infused cells. Correspondingly high and 
stable gene marking was observed in the circulat- 
ing CD15* granulocytes and CD14" monocytes 
(Fig. 1C), and in myeloid cells and progenitors 
isolated from the BM (fig. S6), beginning with 
the first sampling and throughout the follow-up. 
A progressive increase in gene marking of lym- 
phoid cells was observed—more rapid for B and 
NK cells and delayed for the longer-lived T cells— 
as expected from the choice of the conditioning 
regimen (Fig. 1C and fig. S6). The different re- 
population kinetics of hematopoietic lineages by 
the transduced HSCs accounts for the progressive 
increase of the gene-marking level observed in 
total PB mononuclear cells (PBMCs) (Fig. 1D). 

The high level of gene marking drove recon- 
stitution of the defective ARSA activity up to 
above-normal values in the most therapeutically 
relevant myeloid populations (Fig. 2, A and B) as 
well as in other circulating cells (fig. S7, A and 
B). ARSA protein was isolated from patient hem- 
atopoietic cells as early as 1 month after treatment 
(fig. S7C) at above-normal expression levels in 
all tested samples (fig. S7D). The enzyme iso- 
lated from patient cells was found to hydrolyze 
the natural substrate sulfatide in vitro, confirming 
full functionality (0.003 mU of ARSA isolated from 
normal donor and treated patients’ hematopoietic 
cells hydrolyzed 3.6 + 1.2 nmol of substrate). In 
situ hybridization for LV mRNA and immuno- 
fluorescence for ARSA expression costained a high 
proportion of patients’ blood cells consistently with 
the high VCN detected by means of quantitative 
PCR in these cells (fig. S8 and table S6). Func- 
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Fig. 1. Gene marking in patients after HSC-GT. (A) Engraftment of the transduced cells, evaluated 
with quantitative PCR on individual colonies from CFC assay performed on PB- and BM-derived cells and 
expressed as percentage (%) of LV* colonies on total tested colonies. (B to D) VCN expressed as copies of 
LV/human genome measured with quantitative PCR on BM-derived CD34* cells (B), individual subpop- 
ulations isolated from PB of patient MLDO1 (C), and total PBMCs from patients MLDO1, -02 and -03 (D). 
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tional ARSA was isolated from cerebrospinal fluid 
(CSF) collected from all three patients 1 year (and 
2 years for MLD01) after HSC-GT at levels and 
activity comparable with those obtained from healthy 
donor samples, whereas no ARSA protein could 
be isolated from CSF before HSC-GT treatment 
(Fig. 2, C and D). These data demonstrate stable 
above-normal ARSA expression throughout the hem- 
atopoietic lineages and efficient delivery and bio- 
availability of the enzyme in the CNS after HSC-GT. 


HSC-GT Provides Therapeutic Benefit to 
MLD Patients 


Clinical observation and objective evaluations 
were collected up to 24 months after treatment 
for MLDO1 and up to 18 months after treatment 
for MLDO02 and MLDO3. At the last follow-up, 
MLD01, MLD02, and MLD03 were 39, 30, and 
25 months old, respectively (table S3). Because 
disease onset in the LI variant occurs invariably 
before 24 months of age and clinical manifes- 
tations are highly homogeneous, in particular among 
siblings (23, 24), all three patients in our study 
were evaluated beyond their expected age of dis- 
ease onset. 

MLD01 is particularly informative because the 
follow-up time for this patient is longest and be- 
cause the predicted time of symptom onset was 
earlier than that of the other two patients. This 
patient’s two older siblings manifested regression 
of psychomotor performance and arrest of acqui- 
sition of new motor and cognitive skills at 18 months 
of age. Consistent with LI-MLD natural history 
(26), both siblings had rapid disease progression 
after onset and reached level 6 of the Gross Mo- 
tor Function Scale for MLD (GMF-C MLD) (27) 


Fig. 2. ARSA expression 
in patients after HSC-GT. 
(A and B) ARSA activity mea- 
sured with the p-nitrocatechol 
sulfate (PNC) assay on CD15* 
cells (A) and CD14* cells (B) 
isolated from the patients’ 
PB. The activity range mea- 
sured in a cohort of healthy 
donors (HDs) (n > 10 subjects) 
is shown. (C) Representative 0 
DEAE cellulose-chromatography 
analysis on 500 ul of cerebro- 
spinal fluid (CSF) from a pool 
of four HDs, of a represent- 
ative MLD patient before 
treatment (MLDO1 pre-GT) 
and of the same patient 1 year 
after gene therapy. The peak 
of activity corresponds to 
the native form of the ARSA 
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by 30 months of age, when they were wheelchatr- 
bound and unable to support their head and trunk 
(table S7). In contrast, at 39 months of age MLDO1 
was able to stand independently and to walk and 
run with single aid (either the hand of another 
individual or an external walking device) (level 2 
of the GMF-C MLD scale) (table S7). His Gross 
Motor Function Measure (GMFM) score pro- 
gressively increased from enrollment (GMFM 
score of 164) up to a score of 193 at 39 months, 
which was substantially higher than all the scores 
recorded in our age-matched historical LI-MLD 
cohort [5.5 on average (26)], suggesting a con- 
tinuous motor development (Fig. 3A and table 
S8). Cognitive evaluation by the Bayley Scale of 
Infant and Toddler Development revealed a nor- 
mal composite IQ score for chronological age, 
with normal language and cognitive abilities (table 
S9) at all tested time points, including the last 
one at 39 months of age, an age at which the two 
affected siblings were incapable of any voluntary 
speech. The preexisting severe peripheral neuro- 
pathy of MLD01 [nerve conduction velocity (NCV) 
index (26) —11.5 at baseline] improved after treat- 
ment (NCV index —7.1 at last follow-up) (Fig. 3B). 
Brain MRI showed slight signal inhomogeneity, 
present since baseline evaluation and stable there- 
after, and a small area of hyper-intensity in the 
corpus callosum that appeared at the 12-month 
follow-up and remained stable thereafter. All 
other brain MR findings were normal for age (Fig. 
3C). In contrast, untreated LI-MLD patients invar- 
iably develop extensive and severe demyelination 
associated with diffuse atrophy by 24 to 36 months 
of age (Fig. 3C) (26, 28). To our knowledge, no 
unequivocally diagnosed LI-MLD patient at the 
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age of 39 months has been reported to display 
clinical features as positive as those we observed 
in MLDO1. 

Patients MLD02 and MLD03 remain fully 
asymptomatic, with normal motor and cognitive 
development for their ages (30 and 25 months, 
respectively); however, the clinical follow-up pe- 
riod for these patients after the predicted time of 
symptom onset was shorter than that for MLD01. 
At the latest clinical follow-up (18 months after 
treatment), MLD02 was 7 months beyond and 
MLD03 was 10 months beyond the predicted 
time of symptom onset. Both patients had a 
GMEF-C MLD score of 0 at the last evaluation, 
which is in sharp contrast with the disease evo- 
lution documented in their affected siblings at the 
corresponding age (table S7). Their GMFM scores 
progressively increased after treatment, which is 
consistent with the acquisition of normal devel- 
opmental motor milestones for age (Fig. 3A and 
table S8). Furthermore, in both patients the Bayley 
Scale of Infant and Toddler Development showed 
a normal composite IQ score for the age at all 
times tested (table S9). The ENG findings for both 
patients remained stable from baseline up to the 
latest follow-up; MLD02 showed near normal 
motor and sensory conduction velocities since 
baseline, whereas MLD03 showed a stable mild 
demyelinating neuropathy (Fig. 3B). Brain MRI 
revealed that both patients had a normal progres- 
sion of white matter signal due to myelination up 
to the latest follow-up. MLD02 had small areas of 
T2 and fluid-attenuated inversion recovery (FLAIR) 
hyper-intensity signal in posterior and anterior peri- 
ventricular white matter, present since baseline and 
stable up to the latest follow-up (fig. S9). 
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the ARSA enzyme isolated from the CSF of HDs (two cohorts of four donors each) and of the treated MLD patients (circles, MLDO1; blue diamond, MLD 02; and 
green triangle, MLDO3) sampled 12 months (red circle, MLDO1; MLDO2 and -03 were also sampled at 12 months) and 24 months (pink circle, MLDO1) after 


treatment. 
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Polyclonal Reconstitution of Hematopoiesis 
Without Evidence of Vector Genotoxicity 

To determine whether there was any cause for 
concern regarding the safety of the LV in these 
patients, we monitored the clonal dynamics of 
hematopoietic repopulation at the molecular level 
by analyzing the vector genomic integrations in 
the patients’ reconstituted hematopoietic cells (figs. 
S10 and S11, table S10, and materials and meth- 
ods). Because of the genome-wide quasi-random 
integration profile of LV, each insertion creates a 
different genetic marker that can be used to track 
the clonal behavior of individual transduced cells. 
Genomic DNA was obtained from whole BM, 


PB cells, and subsets (table S11) at 1, 3, 6, 9, and 
12 months for all patients and, for MLDO1 and 
MLD02, 18 months after HSC-GT (table $12). 
Vector-genome junctions were retrieved by means 
of linear amplification mediated-PCR (LAM-PCR) 
by using three different restriction enzymes (fig. 
S12). From the three patients, >800 independent 
LAM-PCRs were generated and sequenced by 
454-Roche (Basel, Switzerland) and Illumina (San 
Diego, California) technologies to obtain >10 x 10° 
sequence reads. Using a bioinformatics analysis 
pipeline and collision/contamination filtering (fig. 
S10, fig. S13, and table S13, A to C), we mapped 
integration sites (IS) for patient MLDO1 (1,120,414), 
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Fig. 3. Clinical follow up of MLD patients after HSC-GT. (A and B) GMFM score (A) and NCV index (B) 
of the three treated patients and of a historical cohort of LI-MLD patients (gray circles). The dotted lines 
indicate for each treated patient (inset, color code) the expected time of disease onset, according to the 
disease onset observed in their affected matched siblings; n.r., normal range of the NCV index. (C) Axial 
T2 weighted fast spin-echo MR images (top) and FLAIR MR images (bottom) obtained from patient MLDO1 
at baseline (before GT) and at +2 years after treatment, and corresponding (equivalent) images of an age- 
matched untreated patient with LI-MLD (in parenthesis, the chronological age at imaging acquisition in 
months). In MLDO1 images, a small area of hyperintensity is present within the splenium of the corpus 
callosum, stable in extension and appearance as compared with that in the +12 months follow-up; subtle 
signal inhomogeneities are present within posterior periventricular and posterior centrum semiovale 
white matter, in the absence of focal lesions; these inhomogeneities, present since baseline as just barely 
T2 and FLAIR hyperintensity signal, are (now) more evident because of the normal signal of the 
surrounding myelin; subarachnoid and ventricular spaces are within normal limits, even if a little wider 
when compared with that of the baseline. Basal ganglia and thalami remain of normal appearance. In UT 
LI-MLD images, extensive, diffuse symmetric hyperintensities with typical “tigroid pattern” are seen within 
periventricular white matter, centrum semiovale, corpus callosum, external and internal capsules, and 
cerebellar deep white matter. A severe diffuse brain atrophy involving basal ganglia and thalamy, which 
show T2 hypointense signal, is also present. 
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MLD02 (1,518,802), and MLDO03 (425,356) 
on the human genome (NCBI HG19). Because 
many identical [Ss were retrieved from multiple 
lineages and/or time points, the number of distinct 
ISs was 14,482, 11,077, and 10,959 for patients 
MLD01, MLD02 and MLD03, respectively. The 
genomic distribution of IS, both in the in vitro— 
cultured CD34" cells and in vivo, matched the 
previously reported LV preference for integration 
within transcriptional units (on average, 80% of 
IS were within genes) (fig. S14). To identify the 
gene classes preferentially targeted by LV inte- 
grations, we analyzed IS data sets from either the 
in vitro progeny of the infused CD34" cells or a 
pool of all in vivo—harvested samples for each 
patient using the GREAT (Genomic Regions En- 
richment of Annotations Tool) software (table S14, 
A to F). In all patients, the gene classes of chro- 
matin modification/remodeling, major histocom- 
patibility complex class II-related functions, steroid 
hormone receptors, and RNA processing were 
overrepresented (table S14, A to F). These gene 
classes were the same, or shared >75% genes, 
with gene classes overrepresented in the ALD 
HSC-GT (/7, 29) (Fig. 4A and fig. S15). 

We measured the proportion of sequencing 
reads representing each IS within our data sets as 
a surrogate readout for the relative abundance of 
the cell clone harboring that integration at a given 
time. For each time point, we analyzed the IS data 
sets from the CD34", myeloid (pooled CD13", 
CD14", and CD15" data sets), B (CD19) and 
T cells (CD3*). Almost every cell clone marked 
by a specific IS accounted for only a fraction of a 
percent of the total clones at any given time. A 
few IS-marked cell clones showed a higher per- 
centage at one time point but then disappeared or 
were strongly reduced at later time points (Fig. 4, 
B and C, and fig. S16). From these results, we 
conclude that no clonal dominance events occurred 
in these patients. 

To determine whether other hallmarks of in- 
sertional mutagenesis were present in the patients, 
we assessed the occurrence of common insertion 
sites (CISs), insertional hotspots that may result 
from integration bias at the time of transduction 
or in vivo selection of clones harboring integra- 
tions that confer growth advantage. CISs were 
identified with an algorithm based on Abel et al. 
(30) and by the Grubbs test for outliers (29). Both 
analyses showed that the MLD CISs were mostly 
distributed in clusters within gene-dense regions 
heavily targeted by LV integrations (Fig. 5A, figs. 
S17 to S19, and tables S15 and S16), many of 
which had already been described in the ALD 
HSC-GT trial (Fig. 5B) (17, 29). Given the larger 
size of the MLD data set, it contained almost the 
entire ALD CIS data set. Moreover, the Grubbs 
test for outliers when applied to the genomic re- 
gions surrounding each CIS confirmed that the 
CIS from the MLD clinical trial were not signif- 
icantly over-targeted with respect to the neighbor- 
ing genes, with OPTC being the only exception 
(fig. S19F and table S16). Cell clones with IS 
targeting CIS genes did not represent the most 
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abundant IS-marked cell clones at any given time __ sets representing progenitors and mature myeloid creased with follow-up time (Fig. 6B). We then 
point of the follow-up. IS targeting OPTC were and mature lymphoid cells in each patient. After plotted the occurrence of shared ISs in each sub- 
not detected in samples from the longest follow- stringent filtering to reduce the false discovery _ set of cells over time, considering the B and T 


up time point. rate due to the impurity of each cell fraction ana- _ cells separately, and ranked them for multiple hits 
. ae lyzed and the occurrence of collisions during IS_—_ (Fig. 6C and table S18). The increasing presence 
Extensive HSC Gene Marking in Vivo processing (fig. S20 and table S17), a fraction of _ over time of CD34" progenitors and mature cells 


To assess HSC gene marking in vivo, we ana- _ISs were consistently shared among the three data. of myeloid and lymphoid lineages marked by 
lyzed the subset of IS shared among three data sets of each patient (Fig. 6A). This fraction in- identical integrations is evidence of self-renewal 
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and multilineage potential of the transduced en- 
grafted HSCs. 

To estimate the number of HSCs contributing 
to hematopoietic reconstitution, we used the frac- 
tion of ISs shared between independent samplings 
of the same cell population (supplementary 
materials, materials and methods). For this analy- 
sis, we considered the output of short-lived mature 
myeloid cells in the PB long-term after HSC-GT 
as readout of total HSC activity at that time. We 
compared ISs shared between CD14" and CD15* 
PB cells at months 9, 12, and 18 after HSC-GT 
by the mark-recapture approach using the Petersen/ 
Schnabel estimator method (37) and Chao Poisson 
regression model (table S19). The resulting lower 
bound population size estimates were 3.7 x 10° 
to 5.7 x 10° in patient MLDO1 and 2.1 x 10° to 
3.4 x 10° in MLD02, indicating an abundant pool 
of engrafted transduced self-renewing progeni- 
tors in both patients. 

To quantify clonal diversity in each lineage 
over time, we calculated the Shannon Diversity 
Index (Fig. 6D and fig. S22). This index mea- 
sures the entropy of an IS data set taking into 
account the total number of ISs and their relative 
contribution. The diversity of CD34" progenitors 
was lower early after HSC-GT as compared with 
that of the infused cell population and then in- 


creased and stabilized. PB myeloid cells showed 
high and stable diversity, which is consistent with 
that of the progenitor pool, whereas B and T cell 
diversity increased with time and stabilized 6 
months after gene therapy. Patient MLD03 showed 
lower IS sharing between lineages and decreas- 
ing diversity of myeloid cells as compared with 
the other two patients, possibly because of the 
shorter follow-up and the higher VCN of the 
infused cells. 

Overall, these data provide evidence that ef- 
ficient ex vivo gene transfer was followed by sub- 
stantial engraftment and sustained clonogenic 
activity of the transduced HSCs in the patients, 
resulting in extensive polyclonal reconstitution 
of hematopoiesis with gene-corrected cells. 


Discussion 


LI MLD is a devastating disease that invariably 
leads to death of affected children within a few 
years of symptom onset. We have shown that HSC- 
GT halted disease manifestation and/or progression 
in three presymptomatic children with LI-MLD 
for follow-up times ranging from 18 to 24 months 
after treatment (7 to 21 months after predicted 
disease onset). 

The clinical benefit observed in the three pa- 
tients was accompanied by measurable objective 
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findings ascertained through brain imaging and 
electrophysiological and biochemical studies and 
is in contrast with the disease evolution observed 
in (i) the patients’ older affected siblings with 
matched ARSA mutations and related genetic 
background and (ii) our historical cohort of un- 
treated LI-MLD patients. MRI analysis detected 
a minor demyelinating lesion in the brain of MLDO1 
1 year after treatment. This minor lesion, which 
might have arisen before the infused cells reached 
a sufficient CNS engraftment to exert beneficial 
effects, remained stable at all subsequent follow- 
ups. This finding is clearly different from what is 
observed in untreated LI-MLD patients, who show 
rapidly progressive and widespread brain demye- 
lination. The severe peripheral neuropathy already 
present in MLD01 at the time of HSC-GT improved 
after treatment, with amelioration of the amplitude 
of motor action potentials and of the nerve con- 
duction velocities after treatment. These findings 
were associated with clinical evidence of normal 
cognitive evolution and continuous improvements 
in motor skills. Although the follow-up is shorter 
for MLD02 and MLD03, these patients remained 
asymptomatic at a chronological age when their 
disease was expected to have manifested. 

In previous work with the MLD mouse mod- 
el, we showed that the therapeutic benefit of 


| 13 | 14 | 15 | 16| 17/18 |igj20e1p2) x 


“Ste hide bhi 3 15 


A 2 | 10 | 
cones ees ile envi ull ddd ih 
Genes al sia Ldliuashd wut hia Lhd ti | 
s 
2 MLDO2 Li. Tetra perma leeeenor eo ltine Pre eg oe | dil UL, We 
MLDO3 . ores Wa Wath renee eee Tee ie ry ee pe ree ee | a rea mle 
6 
gq] oe 
| MLDO1 73 
6 
3). 
8 MLDO2 Ti 
§ 6 
Q i 
2) 8 ‘ ; ; as : 
© | MLDOo3 7 ac 3 ore RR ED eer ET Se ea ee ee 
B MLD 


1233158-6 


23 AUGUST 2013 


VOL 341 


Fig. 5. Common insertion site analysis. (A) Frequency distribution along chromosomes (top track) of RefSeq genes (second track below), 
LV integrations for each patient (third, fourth, and fifth track below for MLDO1, MLDO2, and MLDO3, respectively). The last three tracks at 
the bottom represent Manhattan plots of the P values of the gene integration frequencies evaluated with the genome-wide Grubbs test for 
outliers. The dashed lines indicate the upper limit required to reach CIS significance. CISs are enriched in gene dense regions targeted at 
high frequency by means of LV integrations. (B) Venn diagrams showing the overlap between CIS genes in the MLD and ALD HSC-GT trials. 
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HSC-GT arises from the homing of ARSA- 
overexpressing HSPCs and/or their myeloid prog- 
eny to the CNS and PNS, where they contribute 
to the replacement of a substantial fraction of 
microglia/resident macrophages, scavenge the stored 
sulfatide, and establish a local source of func- 
tional enzyme bioavailable throughout the neural 
tissues. Although we could not directly probe our 
patients for the migration of gene-modified cells 
into the CNS, we documented that CSF samples 
from the patients contained substantial levels of 
ARSA protein and activity long after HSC-GT. 
This objective finding, together with the halted 
progression of neural disease, suggests that the CNS 
and PNS were seeded by gene-corrected myeloid 
cells upon HSC-GT. 

Recent studies in mice have shown that mi- 
croglia mostly originates from an early seeding of 
neural tissues by embryonic lineage macrophages 
followed by in situ turnover under homeostatic 
conditions (32). However, substantial replacement 
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of microglia with donor-derived cells was shown 
after myeloablation and intravenous infusion of 
HSPCs (8, 33, 34). The latter findings are con- 
sistent with clinical evidence that HSCT can pro- 
vide therapeutic benefit in certain lysosomal 
storage diseases affecting the CNS, and with the 
few available studies investigating the donor 
origin of microglia cells within the brains of trans- 
planted humans (35, 36). We speculate that 
high-level engraftment of the myeloid compart- 
ment in PB and BM by the transduced HSPCs is 
likely needed to support their efficient migration 
to the neural tissues. It is possible, however, that 
myeloid progenitors, rather than mature mono- 
cytes, are primarily responsible for seeding the 
CNS in our patients (34). 

At least three factors may have contributed to 
the high levels of gene replacement observed in 
patients’ hematopoiesis. First, we optimized the 
LV-manufacturing process, aiming to produce vec- 
tor with high titer, infectivity, and purity using 
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stringent lot-release criteria so as to ensure efficient 
transduction while limiting detrimental effects on 
HSPCs. Second, we validated the transduction 
protocol for reproducible high-rate gene transfer 
into BM-derived mouse-repopulating human 
HSPCs and infused fresh cells after transduction 
to avoid incurring in any cell loss associated with 
freeze/thawing. Last, we administered a dose- 
adjusted myeloablative regimen before HSPC 
infusion to foster engraftment. 

Another key goal of our study was to assess 
the long-term safety of HSC gene transfer. Using 
deep-sequencing and bioinformatics, we found 
no evidence that cell clones harboring ISs under- 
go in vivo expansion or selection. Rather, our data 
suggest that the genomic distribution of IS in pa- 
tients’ hematopoietic cells reflects the LV inte- 
gration in the infused HSPCs. These findings are 
in sharp contrast with those reported at compa- 
rable times after HSC-GT in some other trials 
using y-RV; in those trials, cell clones harboring 
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Fig. 6. Stem cell marking and clonal dynamics. Analysis of IS data was 
performed after filtering for collision and sample impurity. (A) Venn diagrams 
showing the sharing of ISs between CD34* cells and lymphoid and myeloid 
lineages. (B) Percentage of shared ISs (y axis) between BM-derived CD34* and 
myeloid or lymphoid lineages during time (months after GT, indicated below). (C) 
Tracking of ISs shared between multiple lineages with time in patient MLDO1. Each 
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row represents a specific IS, with colored bars indicating retrieval from the indicated 
cell lineage and time point after gene therapy (columns). The line color varies with 
the degree of sharing among lineages (red, high level of sharing; blue, low level of 
sharing; white, no integration retrieved). PB, peripheral blood; B, B cells; T, T cells; 
Myelo, myeloid cells. (D) Shannon Diversity Index (y axis) was calculated to mea- 
sure the clonal diversity of hematopoietic reconstitution during time. 
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ISs that target oncogenes underwent expansion 
or selection in vivo and eventually progressed to 
leukemia (/4, 18, 37-40). The LV IS distribution 
in MLD patients overlaps with that reported for 
ALD patients after LV-based HSC-GT, a reassur- 
ing finding considering that no adverse effect of 
gene transfer has been reported in that trial after 
more than 5 years of follow-up. A similar inte- 
gration profile in the absence of clonal expansion 
was observed in three patients with Wiskott- 
Aldrich Syndrome treated by LV-based HSC-GT 
with a follow-up of up to 2.5 years (47). Overall, 
these data strongly support the improved safety 
of LV comprising self-inactivating long terminal 
repeat and moderately active internal promoters, 
which makes it unlikely that an insertion would ac- 
tivate a nearby oncogene (/9, 20, 41). Nevertheless, 
we will continue longer-term evaluation of the 
treated and additional patients for full assessment 
of the risk-benefit ratio and therapeutic potential 
of HSC-GT. 

The stability of gene marking together with 
the identification of several ISs shared among 
progenitors, mature myeloid cells, and both ma- 
jor lymphoid lineages long-term after HSC-GT 
provide evidence that bona fide HSCs were trans- 
duced. Furthermore, the estimated large number 
of active HSCs would imply that a good fraction of 
harvested HSCs were transduced and long-term 
engrafted the patients. These data position LV gene 
transfer as a feasible means to engineer human 
hematopoiesis to its near entirety, an approach that 
may be exploited to develop novel treatments 
for several inherited and acquired diseases. 


Materials and Methods 


Clinical Protocol and Patients 


The Istituto Superiore di Sanita and the Ethical 
Committee of the San Raffaele Scientific Institute 
in Milan approved the study. The study promoter 
is TIGET, San Raffaele Hospital, Italy and the 
financial sponsor of the study is the Telethon 
Foundation. The medicinal product received 
Orphan Drug Designation (ODD) (EMEA/OD/ 
102/06) by the European Medicines Agency (EMA) 
for the treatment of MLD. 

We enrolled and treated three presymptomatic 
LI-MLD patients, who were classified as LI ac- 
cording to the disease in their affected older sib- 
lings using the historical classification based on 
age at symptom onset (table S3). The patients were 
from Lebanon, the United States, and Egypt. Upon 
obtaining informed consent, their diagnosis was 
molecularly and biochemically confirmed. In all 
patients, the definitive MLD diagnosis was based 
on pathologic low ARSA activity and the pres- 
ence of disease-causing ARSA gene mutations on 
both alleles. Presymptomatic condition at enroll- 
ment was defined on the basis of a normal neuro- 
logical and cognitive examination, independently 
from the presence of abnormalities at neurophys- 
iological tests or brain imaging. 

Details on clinical study enrollment crite- 
ria, endpoints, and study plan can be found at 
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ClinicalTrials.gov #4NCT01560182. The parents 
of all subjects provided written informed con- 
sent for experimental treatment. Biological sam- 
ples were obtained from MLD patients—healthy 
children and adults as controls—with approval 
of the San Raffaele Scientific Institute’s Ethics 
Committee and consent from parents or subjects. 


Neurological and Motor Evaluation 


A standard neurological evaluation was performed 
in all patients for assessing the presence of disease 
clinical signs. In addition, we applied GMFM 
(26, 42) and the Gross Motor Function Classi- 
fication for MLD (GMFC-MLD) (27) for prop- 
er quantification of patients’ motor abilities. The 
same trained personnel applied the scales at each 
evaluation. 


Neuropsychological Evaluation 


Neuropsychological evaluation was performed by 
using the Bayley Scale for Infant and Toddler 
Development (BSID-ID (43), applied at baseline 
evaluation and then every 6 months. 


Neurophysiological Evaluation 


Sensory conduction of sural and median nerves, 
and motor conduction of deep peroneal and ulnar 
nerves were studied and a z score for NCV was 
calculated for each examined nerve (patient’s 
NCV — normal donors’ mean NCV/normal do- 
nors’ NCV standard deviation); an NCV index 
was calculated as the average of z scores obtained 
from the four tested nerves for each patient per 
time, as described (26). 


MR Examination 


All children underwent anatomical MRI on a 1.5 
Tesla scanner using a six-channel SENSE head 
coil (Gyroscan Intera, Philips, Netherlands). MRI 
scans were performed with Spin Echo T1 weighted 
images, repetition time (TR) 600 ms, echo time 
(TE) 15 ms, rec matrix 288, 22 slices, 5 and 3 mm 
thick, axial and sagittal planes; Turbo Spin Echo 
T2-weighted images, TE120 ms, TR 5500 ms 
24 slices, axial, sagittal and coronal planes, 
4.5 and 3 mm thick; fluid-attenuated inversion 
recovery Turbo Spin Echo, TE 140 ms, 24 slices, 
4.5 mm thick; and volumetric Tl sequence (fast 
field echo, 110 slices, 1.4 mm thick, and 0 mm 
gap). MR examinations were performed under 
sedation by a senior experienced pediatric an- 
esthesiologist (44); sedation was induced with 
intravenous 1 mg/kg propofol and maintained 
with 4 mg/kg/hour propofol continuous infu- 
sion. Throughout MRI examination, saturation of 
peripheral oxygen (SpO2) was monitored with a 
MRI-compatible device (Magnitude, Invivo Cor- 
poration, Orlando, Florida). Desaturation (SpO < 
95%) was recorded together with any adverse 
event requiring the intervention of the attending 
anesthesiologist. 


Large-Scale Lentiviral Vector Production 


The vector used in this study (pCCLsin.cPPT. 
hPGK.hARSA.WPREmut6 - PGK.ARSA.LV) is 
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a self-inactivating lentiviral vector produced with 
a third-generation split packaging system and 
pseudotyped by the vesicular stomatitis virus G 
protein (VSV.G) (6). The vector lots were pro- 
duced by MolMed (Milan, Italy) using a large-scale 
validated process. The vectors were produced 
following Good Manufacturing Practice (GMP) 
guidelines, except for initial studies of gene trans- 
fer protocol optimization, which used pre-GMP 
(GMP-like/large scale produced) vector. The pro- 
tocol for vector production is detailed in fig. S3. 
Briefly, the ARSA LV was produced by means of 
transient four-plasmid transfection of 293T cells. 
293T cells were derived from human embryonic 
kidney 293 cells with stable transfection of the 
temperature-sensitive SV40 T-antigen; a subclone 
of the 293T (from Stanford University) selected 
at the Salk Institute (La Jolla, California) for its high- 
yield performance in production of lentiviral vec- 
tors through transient transfection was used for 
MCB establishment; a 293T MCB was generated 
at Genethon (Paris, France) in GMP conditions. 
293T cells from the master cell bank were ex- 
panded in T162 flasks and then in 10-tray cell 
factories and transiently transfected by means of 
calcium phosphate precipitation with four plas- 
mids encoding for two core packaging constructs 
(pKLGag/pol and pKRev), the envelope con- 
struct (pK.G), and the transfer vector construct 
(pARSA). Twenty-four hours after removal of 
the transfection medium, the cell supernatant was 
harvested and stored at 4°C. The culture medium 
was replaced, and after a further 24 hours, a sec- 
ond harvest was performed. The medium col- 
lected from the two harvests was pooled and 
filtered through 5/0.45-um filters so as to discard 
cell debris. The downstream purification process 
included a benzonase treatment overnight at 4°C, 
followed by a diethylamino anion exchange (DEAE) 
chromatography step, concentration, and gel filtra- 
tion in CellGro medium. The benzonase treatment 
was aimed at degrading plasmid DNA and host 
cell-derived DNA present in the clarified cell su- 
pernatant, thus facilitating their removal through 
subsequent purification steps. Anion exchange chro- 
matography involved the absorption of negative- 
ly charged lentiviral particles to positively charged 
chromatographic support; viral particles were eluted 
by increasing ionic strength. This step was aimed 
at the removal of contaminants such as host cell 
proteins and serum-derived proteins such as bo- 
vine serum albumin (BSA). Gel filtration, also 
defined as size exclusion chromatography, relies 
on the inability of the large lentiviral particles to 
be retained by matrix pores. This step was aimed 
at the removal of salts and small-sized contam- 
inants such as DNA fragments as well as at me- 
dium exchange. The resulting LV preparation, in 
CellGro medium, underwent one sterilizing 
0.2-um filtration and aseptic filling. The purified 
vector preparation was stored at —80°C. The 
produced vector lots were characterized as de- 
scribed in table S2. Physical titer was measured 
by means of enzyme-linked immunosorbent assay 
(Perkin Elmer, Applied Biosystem, Foster City, 
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California) for the detection of HIV-1 gag p24 
capsid protein. Infectious titer was measured 
through transduction of a human T cell line with 
serial dilutions of vector and calculation of the 
copies of integrated vector per cell by quantita- 
tive PCR. 


HSC Isolation and Transduction 
For in Vitro Experiments 


Healthy donor (HD) bone marrow CD34" cells 
were purchased from Lonza (Basel, Switzerland) 
or obtained after written informed consent ac- 
cording to standard ethical procedure and with 
approval of the San Raffaele Institute Ethical Com- 
mittee (protocol TIGET-01). CD34" cells from 
three MLD patients not enrolled in the gene ther- 
apy trial—diagnosed on the basis of clinical symp- 
toms, ARSA activity, and genetic analysis—were 
similarly obtained after written informed consent 
(protocol LDM1) at the time of diagnostic or ther- 
apeutic procedures. CD34" cells were purified 
from mononuclear cells by means of positive se- 
lection with immunomagnetic beads according to 
the manufacturer’s procedure (Miltenyi Biotec, 
Bergisch-Gladbach, Germany). Soon after puri- 
fication or thawing, CD34" cells were placed in 
culture on retronectin-coated non-tissue culture— 
treated wells (T100A Takara) in CellGro SCGM 
medium (2001 CellGenix) at a concentration of 
1 x 10° cells/ml in the presence of cytokines 
[interleukin-3 (IL-3, 60 ng/ml), thrombopoietin 
(TPO, 100 ng/ml), stem cell factor (SCF, 300 ng/ml), 
and Fit3 ligand (FIt3-L, 300 ng/ml); PeproTech, 
Rocky Hill, New Jersey] for 24 hours of prestimu- 
lation. Cells were then transduced with ARSA LV 
[at a multiplicity of infection (MOD) of 100] for 14 
hours. In the protocol that foresees two rounds of 
transduction, selected for clinical application, cells 
were washed for 10 hours in CellGro SCGM me- 
dium additioned with cytokines and underwent a 
second hit of transduction in the same conditions 
as the first. At the end of transduction, cells were 
counted and collected for clonogenic assays, flow 
cytometry, and in vivo studies. Remaining cells 
were plated in Iscove’s modified Dulbecco’s me- 
dium (IMDM) —10% fetal bovine serum (FBS) 
with cytokines (IL-3, 60 ng/ml; IL-6, 60 ng/ml; 
SCF, 300 ng/ml) and cultured for a total of 14 days. 
Thereafter, cells were collected for molecular and 
biochemical studies. 


For Patients’ Treatment 


Please refer to fig. S2. Total bone marrow was 
collected from the iliac crests under sterile con- 
ditions and using general anesthesia, on day —4, 
according to an internal standard operating pro- 
cedure. The total collected volume was estimated 
according to the content of CD34" cells evaluated 
by previous bone marrow aspiration; on average, 
20 to 25 ml/kg patient’s body weight was col- 
lected. The harvested bone marrow—collected in 
a dedicated bag, sealed, and identified—was then 
transferred to MolMed S.p.A and kept in sterile 
conditions in a refrigerator at 4°C for 24 hours. 
CD34" cells were then purified on day —3 from 


www.sciencemag.org SCIENCE VOL 341 


mononuclear cells by means of positive selection 
with immunomagnetic beads according to the 
manufacturer’s procedure (Miltenyi Biotec, 
Bergisch-Gladbach, Germany) in GMP conditions. 
The purified cells were cultured in retronectin-coated 
VueLife bags (American Fluoroseal, Gaithersburg, 
Maryland) in serum-free medium supplemented 
with GMP-grade cytokines and exposed twice to 
GMP-grade—purified vector at multiplicity of infec- 
tion of 100, for a total culture time of 60 hours. At 
the end of the transduction procedure, the trans- 
duced CD34" cells were harvested, washed with 
Cell Grow medium, and resuspended in saline 
solution at the concentration of 2 x 10° to 10 x 
10°/ml for patient’s infusion. At the end of trans- 
duction, a fraction of the cells was collected for 
clonogenic assays, flow cytometry, and in vitro 
culture, as above. Cells were kept at 4°C up to 
the time of infusion, upon batch release according 
to quality control tests [results are available at 
infusion for viability, immunophenotype, en- 
dotoxin, large T Ag DNA, and mycoplasma 
(table S4)]. 


Patients’ Conditioning 


Patients received a total of 14 body weight-based 
doses of intravenous busulfan, given every 6 hours 
from day -4 to day —1. The busulfan plasmatic 
levels were monitored with serial sampling fol- 
lowing first and fifth infusion. The doses after the 
5th and 10th were adjusted, if needed, accord- 
ing to plasmatic Busulfan levels with an ideal 
AUC of range 4200-5600 ug/L*hour, target 
4800 .g/L*hour. The interval between the end of 
the last intravenous busulfan dose and final product 
infusion was >24 hours in order to allow safe in- 
fusion of the stem cells. At day 0, after premed- 
ication with clorfeniramine (0.25 mg/kg, max dose 
10 mg) or equivalent drug, the resuspended CD34" 
cell product was infused intravenously through 
the central catheter. 

During hospitalization, patients were cared 
for in an isolation unit and received supportive 
therapy according to local standards. 


Isolation of Hematopoietic Subpopulations 
from Patients’ Peripheral Blood 
and Bone Marrow 


Starting from mononuclear cells (MNCs) ob- 
tained from Lymphoprep gradient, human bone 
marrow and peripheral blood subpopulations 
were obtained through positive selection of 
the following markers (Miltenyi Biotec micro- 
beads): CD34, CD13, CD15, CD56, CD19, CD3, 
glycophorin A (GLYA), and CD61 from the 
BM, and CD15, CD14, CD56, CD19, and CD3 
from PB, according to manufacturer’s procedures. 
Purity of each subpopulation was checked by 
means of flow-cytometry. Data are reported in 
table S11. 


Clonogenic Assay (CFC) 


The CFC assay was performed by means of plating 
in methylcellulose medium (human MethoCult; 
StemCell Technologies) either 800 to 1000 CD34" 
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cells/ml or 1.25 x 10* to 1 x 10° MNCs/ml 
purified from BM or PB. After 14 days of culture, 
colonies were counted, distinguishing myeloid 
and erythroid origin, and plucked for molecular 
analysis. 


Quantitative PCR 


Genomic DNA was extracted from CD34’ liq- 
uid culture, peripheral blood mononuclear cells 
(PBMCs), MNCs, PB, and BM subpopulations 
of MLD patient samples with QIAamp DNA 
Blood Micro and Mini Kits (Qiagen, Hilden, Ger- 
many). Single colonies plucked from the CFC as- 
say were digested for 4 hours at 37°C in Lysis 
Buffer (Lauryl Ether 0.1%, TRIS/hydrochloride 
(HCL) 10 mM, 100 ug/ml Proteinase K). After 
proteinase K inactivation (10 min at 95°C), lysates 
were centrifuged at 13,000 revolutions per min at 
4°C for 15 min. 

LV sequences were detected by means of 
quantitative PCR on 25 to 50 ng of total genomic 
DNA or 10 ul of lysate supernatants by using 
previously described primers and probe (22). 

Absolute quantifications were plotted on stan- 
dard curves prepared with serial dilutions of ge- 
nomic DNA or cell lysate from a T cell clone 
containing | copy HIV/cell. 

Engraftment of the transduced cells was eval- 
uated by means of quantitative PCR on individ- 
ual colonies from CFC assay performed on either 
PB- or BM-derived cells and expressed as per- 
centage (%) of LV" (VCN > 0.5) colonies on total 
tested colonies (= 250 cells/colony). 


Analysis of Vbeta Repertoire 


The analysis of Vbeta repertoire of the T cell 
receptor was performed on 50 ul of patients’ total 
PB according to the manufacturing procedure 
described in the V Beta kit; Beckman Coulter 
(823497) (Fullerton, California). 10000 events were 
acquired with FACS Canto II (BD-Biosciences, 
Europe) and then analyzed with FlowJo (TreeStar, 
Ashland, Oregon). The percentage of each Vbeta pop- 
ulation was compared with the range of expres- 
sion obtained from the analysis of a pool of 85 
healthy donors provided by the manufacturer. 


Immunophenotype Analysis 

Analysis of the immunophenotype of patients’ 
total PB and BM was performed by Laboraf 
(Ospedale San Raffaele) as described by inter- 
nal SOPs. 


ARSA Activity Determination 

p-Nitrocatechol Sulfate (PNCS) 

CD34" liquid culture, PBMCs, MNCs, PB, and 
BM subpopulations of MLD patients and healthy 
donors were resuspended in sodium acetate tri- 
hydrate 0.05 M (500,000 cells in 25 ul). Samples 
were then sonicated and centrifuged, and the 
supernatant was collected for ARSA activity and 
protein quantification (Bradford assay; Biorad 
#500-0006) (Hercules, California). ARSA ac- 
tivity was detected with PNCS as substrate, as 
described, loading a maximum concentration of 
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protein extract of 0.3 pg/ul diluted in sodium 
acetate trihydrate 0.05 M (9). 


DEAE-Cellulose Chromatography and 
4-Methyl-Umbellipheryl-Sulfate 
Cells were harvested, washed in phosphate- 
buffered saline, and resuspended in 10 mM TRIS/ 
HCI buffer, pH 7.5, containing 0.1% (v/v) Nonidet 
NP40 detergent (Sigma-Aldrich, St. Louis, Missouri). 
Cell lysates were subjected to three rounds of 
sonication. Procedures were carried out at 4°C. 
Proteins were measured with the Bradford method 
by using bovine serum albumin as standard. 
Similar cell number (500,000 cells) was loaded 
into a 0.2-ml DEAE chromatography column 
equilibrated with a 25 mM TRIS/HCI buffer, pH 
7.5. The flow rate was 0.2 ml/min. After washing 
with 5 ml of 25 mM TRIS/HCI buffer plus 50 mM 
NaCl, pH 7.5, enzyme activity retained by the 
column was eluted by 2.5 ml TRIS/HC1 buffer 
plus 250 mM NaCl, pH 7.5 (starting from frac- 
tion n.5). Fractions (0.5 ml) were collected and 
assayed for the ARSA activity by using the artifi- 
cial fluorogenic substrate 4-methyl-umbelliphery1- 
sulfate (MUS) dissolved in 0.05 M Na-acetate/ 
acetic acid buffer, pH 5.5. A volume of 50 ul of 
test sample was incubated with 100 wL ofa 0.01 M 
solution of substrate respectively in the presence 
and absence of 125 14M AgNO3 (a specific ARSA 
inhibitor) at 37°C. Enzymatic reactions were stopped 
by adding 0.2 M Glycine/NaOH, pH 10.6. Flu- 
orescence of the liberated 4-methylumbelliferone 
was measured on a Perkin Elmer LS3 spectro- 
fluorimeter (excitation 360 nm, emission 446 nm). 
ARSA activity was calculated by subtracting 
the value obtained in the presence of AgNO3 
[arylsulfatase B (ARSB) activity] from that mea- 
sured in the absence of the inhibitor (ARSA+ARSB 
activity) (45). 


Sulphatide Assay 


Sulfatide (5 mM) (Matreya, St. Pleasant Gap, 
Pennsylvania) was resuspended in cloroform: 
methanol:water (2:1:0.1), dried overnight at room 
temperature, and resuspended in the ARSA 
enzymatic buffer [100 mM Na/acetate, pH 4.5, 
containing 20 mM MnCl2 and taurodeoxyxholate 
(100 mg/50 ul)]. For the reaction (100 ul total 
volume), 0.003 mU ARSA were added to 21 nmol 
sulfatide at 37°C for 24 hours. The assay was 
stopped with 0.85 ml cloroform:methanol:water 
(1:1) plus 0.85 50 mN sulfuric acid and 0.170 ml 
Azure A [0.4 mg/ml]. After a centrifugation at 
300 g x 5 min, the lower phase was recovered, 
and the absorbance measured at 650 nm in a 
microplate reader (GDV DV-990BV6). The naomoles 
of sulfatide hydrolyzed by ARSA were calculated by 
subtracting the value measured in the presence of 
the enzyme respect to a reference assay performed 
in the absence of ARSA. 


In Situ Hybridization and Immunofluorescence 
Cells were grown on polyornithine-coated glass 


coverslips (0.01% solution, Sigma-Aldrich Corp, 
Italy) 72 hours in IMDM 10% FBS medium 
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and then fixed with 4% paraformaldehyde (PFA) 
solution. 

An antisense 598—base pair digoxigenin- 
labeled oligonucleotide complementary to W-Pre 
mRNA sequence and a control sense sequence 
were produced .The in situ protocol was modified 
from (46). Cells were treated with prehybridiza- 
tion protocol and incubated overnight at 37°C with 
0.5 pg/ml probe. The probe was detected by sheep 
anti Digoxigenin 1:500 (Roche Applied Science, 
Penzberg, Germany) overnight 4°C. 

Immunofluorescence on ARSA-hemagglutinin 
(HA) (9)+transduced Hela cells and on patients’ 
and healthy donors’ PB cells or HeLa cells was 
performed overnight at 4°C by using rabbit anti— 
Human Lamp! 1:100 (Abcam), goat anti-Human 
ARSA 1:50 (Abnova), and/or rat anti-HA 1:100 
(Roche Applied Science). Secondary antibodies 
were incubated 1:500 for 1 hour at RT as follows: 
donkey anti-sheep Alexa488, donkey anti-goat 
Alexa546, donkey anti-rat Alexa488, and donkey 
anti-rabbit Alexa647. Nuclei were counterstained 
with 4’,6-diamidino-2-phenylindole. Images were 
acquired with Leica (Solms, Germany) TCS SP2 
laser scanning confocal with 63 oil objective. 


Rag2~- Il2ry7'~ Mice Transplantation and 
Engraftment Evaluation 


Rag2* I12ry* mice were obtained from the Cen- 
tral Institute for Experimental Animals, Nogawa, 
Japan and maintained in our animal facility ac- 
cording to approved protocols. Three-day-old mice 
were sublethally irradiated (40,000 wGy/m?) 24 
hours before intravenous injection of untransduced 
and unmanipulated or transduced CD34" cells. 
Eight to 12 weeks after the transplantation, mice 
were killed and hematopoietic organs (bone mar- 
row, spleen, and thymus) were collected after 
intracardiac PBS perfusion and processed for 
fluorescence-activated cell sorting (FACS) anal- 
ysis. All procedures were performed according to 
protocols approved by the Animal Care and Use 
Committee of the San Raffaele Scientific Institute 
(IACUC #325) and communicated to the Minis- 
try of Health and local authorities according to 
Italian law. 


Flow Cytometry 

Patients’ samples—subpopulation analysis 
From each sample, 5000 cells were washed and 
resuspended in blocking buffer (PBS with 5% 
FBS 2% BSA Fc Block 1:100), then 1 ul of 
the following human-specific conjugated antibo- 
dies were added: APC-conjugated anti-CD56, 
PE-conjugated anti-CD34, anti-CD13 and anti- 
glycophorinA, TC-conjugated anti-CD19, and anti- 
CD3, FITC-conjugated anti-CD15 and anti-CD61, 
PB-conjugated anti-CD14 under unstained con- 
trol (DAKO, Denmark; BD-Pharmigen, Europe). 


Rag?’ IL2ry-’ mice—engrafiment evaluation 


From each sample, 250,000 cells were washed 
and resuspended in blocking buffer (PBS with 
5% FBS 2% BSA Fc Block 1:100), then 0.5 ul of 
the following human-specific conjugated anti- 
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bodies were added: APC-conjugated anti-CD45, 
PE-conjugated anti-CD34, anti-CD 13, anti-CD4, 
anti-CD11b and TC-conjugated anti-CD 19, anti- 
CD8, anti-CD3 under control of relative IgG iso- 
type control (DAKO; BD-Biosciences). 

After 20 min on ice, cells were washed, 
resuspended in PBS 2% FBS, 1% PFA for cy- 
tometric analysis. Of 100,000 events, 3000 were 
acquired with FACS Canto II (BD-Biosciences, 
Europe) and then analyzed by FlowJo (TreeStar, 
Ashland, Oregon). During quadrant analysis, only 
fluorescence that excluded >99.9% of isotype con- 
trol events was considered to be specific. 


Vector Integration Site Analysis 


A detailed description of the materials and meth- 
ods used for vector integration site analysis is 
reported in the supplementary materials, mate- 
rials and methods section. 
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Groundwater Arsenic Contamination 


Throughout China 


Luis Rodriguez-Lado,?* Guifan Sun,” Michael Berg,* Qiang Zhang,” Hanbin Xue,” 


Quanmei Zheng,” C. Annette Johnson*} 


Arsenic-contaminated groundwater used for drinking in China is a health threat that was 

first recognized in the 1960s. However, because of the sheer size of the country, millions of 
groundwater wells remain to be tested in order to determine the magnitude of the problem. 

We developed a statistical risk model that classifies safe and unsafe areas with respect to geogenic 
arsenic contamination in China, using the threshold of 10 micrograms per liter, the World 
Health Organization guideline and current Chinese standard for drinking water. We estimate that 
19.6 million people are at risk of being affected by the consumption of arsenic-contaminated 
groundwater. Although the results must be confirmed with additional field measurements, our 
risk model identifies numerous arsenic-affected areas and highlights the potential magnitude of 


this health threat in China. 
Ce: faces groundwater quality problems 


of enormous proportions from both in- 

dustrial and natural sources (/). Popula- 
tions at risk of exposure to excessive levels of 
arsenic, a natural groundwater contaminant, have 
been emerging since the 1960s (2-7). With the 
exception of Guizhou province, where endemic 
arsenicosis is mainly due to coal burning (7, 8), 
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most cases of water-related arsenic poisoning have 
occurred in arid regions of the northern provinces, 
probably because of the scarcity of clean water 
for cooking and drinking from sources other than 
groundwater. 

Apart from geothermal and mining environ- 
ments, two main environmental conditions are 
known to be linked to natural arsenic enrichment 
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in groundwater systems (9): (i) aerobic alkaline 
environments in closed basins in arid and semi- 
arid regions, where high pH leads to alkaline de- 
sorption of arsenic from mineral oxides, and (ii) 
aquifers under strongly reducing conditions, where 
the release of arsenic is related to reductive dis- 
solution of arsenic-bearing iron (hydr)oxides in 
sediments. Numerous studies in China have re- 
lated arsenic-enriched groundwater to reducing 
conditions (/0—/6), particularly in arid regions, 
where such conditions in alluvial and lacustrine 
aquifer sediments are often concomitant with 
high alkalinity and/or salinity. In other areas, such 
as Taiwan, arsenic release has also been asso- 
ciated with anoxic aquifers (/7). The few studies 
reporting arsenic measurements in oxic aquifers 
in China (/S—20) indicate that arsenic concen- 
trations in oxic groundwaters are mostly below 
10 ug liter |. 
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Fig. 1. Location of known and potential arsenic-affected basins in China. Areas with high levels of arsenic (As) are generally characterized by 
Holocene sediments (green), where large basins may be affected. 
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Between 2001 and 2005, the Chinese National 
Survey Program, conducted by the Chinese Min- 
istry of Health, tested some 445,000 wells in 
20,517 villages of 292 counties (12% of all 
counties in China) for arsenic contamination. In 
almost 5% of wells, arsenic levels were higher 
than the former Chinese standard of 50 ug liter ', 
and about 10,000 individuals were found to be 
affected by arsenicosis in known and suspected 
endemic areas (2/). Screening of wells has con- 
tinued, and it has been estimated that 5.6 million 
people are exposed to high concentrations of 
arsenic in drinking water (>50 ug liter ') and that 
some 14.7 million are exposed to arsenic con- 
centrations of >10 ug liter ' (22). Because of the 
sheer size of China, it will take several decades to 
complete the screening of millions of wells to 
determine the spatial occurrence and magnitude 
of arsenic contamination throughout the country. 

Here, we present a predictive model that uses 
survey data and geological and hydrogeochemi- 
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cal parameters as proxies of processes that affect 
arsenic solubility in groundwater aquifers to iden- 
tify safe and unsafe areas with respect to geogenic 
groundwater arsenic contamination. The model 
was validated with an independent data set and 
a cut-off probability value of 0.46 (see supple- 
mentary materials), revealing fairly good agree- 
ment (Cohen’s kappa = 0.51), with 77% of the 
samples correctly classified in the high- and 
low-risk classes. The model sensitivity (ability to 
correctly classify samples with arsenic concen- 
trations of >10 ug liter ') and specificity (ability 
to correctly classify samples with arsenic concen- 
trations of <10 pg liter!) were 83% and 75%, 
respectively, which indicates good performance 
for the prediction of both safe and unsafe areas 
with respect to arsenic. The model uncertainty is 
predominantly low (fig. S5) but exceeds 0.5 in 
the sparsely inhabited sand deserts. 

Previous studies in Southeast Asia have iden- 
tified a relatively small number of geological and 
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Fig. 2. Arsenic predictive map of China. (A) Modeled probability of arsenic concentrations ex- 
ceeding the 10 ug liter* threshold in groundwaters. Boxes indicate regions shown in (B). (B) Basins 


used to describe the model performance. 
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hydrogeochemical parameters as significant spa- 
tial predictors that can be used to characterize the 
regional distribution of high arsenic (23-26). Hol- 
ocene sediments, for example, have been found 
to be strongly associated with arsenic contam- 
ination. Such coincidence can also be observed 
in areas reported to suffer from arsenic contam- 
ination in China (Fig. 1). We initially considered 
16 environmental proxies, in the form of 30 arc 
sec (~1 km’) digital raster maps, as potential fac- 
tors for identifying areas affected by geogenic 
arsenic hazard. Only eight proxies were signif- 
icantly linked to the regional distribution of high 
arsenic occurrence and were used, together with 
2668 georeferenced arsenic measurements, to 
develop an ensemble model with binomial logis- 
tic regression as the base classifier (see supple- 
mentary materials). The model (Fig. 2A) forecasts 
that the area at risk of groundwater arsenic con- 
tamination (>10 ug liter ') may encompass more 
than 580,000 kim’, and it pinpoints elevated arse- 
nic concentrations in regions where endemic arse- 
nic poisoning has already been detected (27-30). 
Large areas such as Tarim basin (Xinjiang), Ejina 
basin (Inner Mongolia), Heihe basin (Gansu), 
Qaidam basin (Qinghai), the Northeastern plain 
(Inner Mongolia, Jilin, and Liaoning), and the 
North China plain (Henan and Shandong) were 
identified as being potentially affected, although 
these results must be confirmed with additional 
field measurements. 

The mean model coefficients (table S1) indi- 
cate a positive correlation of Holocene sediments, 
soil salinity, fine subsoil texture, topographic wet- 
ness index (TWI; see supplementary materials), 
and density of rivers with high arsenic, and a 
negative contribution of slope, distance to rivers, 
and gravity. Holocene sediments, soil salinity, 
subsoil texture, and TWI were significant in most 
of the ensemble members, highlighting their rela- 
tive importance in predicting the occurrence of 
groundwater arsenic in relation to the remaining 
variables. This is consistent with the conditions 
found in most studies performed in high-risk 
areas in China, such as Xinjiang province (mod- 
el sensitivity = 85%) and Hetao-Huhhot basin 
(model sensitivity = 95%), where high arsenic tends 
to be associated with the anoxic environments of 
poorly drained aquifers in young sediments with 
flat topography and high salinity (Fig. 2B) (/6). 
The model also performed well for oxic aqui- 
fers, such as Mingin basin, Chahaertan oasis, and 
Liao-Ho basin (Fig. 2B, areas 3 and 4). Surveys 
in these areas (2/, 22) revealed that these aqui- 
fers bear low arsenic concentrations, as correctly 
predicted by our model with an accuracy ranging 
from 83 to 98%. 

We categorized areas on the probability map 
as low-risk (P < 0.46) and high-risk (P > 0.46), 
and cross-referenced the map with a population 
distribution map for the year 2000. This yielded 
an estimate of 19,580,000 people in China who 
live in high-risk areas, mainly in Xinjiang, Inner 
Mongolia, Henan, Shandong, and Jiangsu prov- 
inces (Fig. 3). This may be an overestimation of 
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Fig. 3. Estimated Chinese population at potential risk of exposure to arsenic concentrations of 
>10 pg liter. Calculation is based on the model results and population density estimates. 


the actual population at risk, because treated and 
piped water may be used in some places, but water 
use statistics are not available. However, most of 
the arsenic-affected areas in China correspond to 
arid or semiarid regions, where groundwater is the 
predominant source of drinking water. 

Our approach complements traditional ground- 
water quality surveys, which are expensive and 
time-consuming. The model requires only a small 
number of geospatial parameters to provide a 
preliminary assessment of affected areas, reduc- 
ing the area that needs to be screened. It may 
also be appropriate for use in other parts of the 
world, especially in arid regions such as north- 
western Argentina and Chile, where high arsenic 
concentrations have been reported, or in countries 
such as Mongolia, Kazakhstan, and Kyrgyzstan, 
where risk assessments for groundwater arsenic 
contamination have not yet been performed. 
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Hillslopes Record the Growth and 
Decay of Landscapes 


Martin D. Hurst,""2* Simon M. Mudd,* Mikael Attal,? George Hilley? 


Earth's surface archives the combined history of tectonics and erosion, which tend to roughen 
landscapes, and sediment transport and deposition, which smooth them. We analyzed hillslope 
morphology in the tectonically active Dragon's Back Pressure Ridge in California, United 

States, to assess whether tectonic uplift history can be reconstructed using measurable attributes of 
hillslope features within landscapes. Hilltop curvature and hillslope relief mirror measured rates 
of vertical displacement caused by tectonic forcing, and their relationships are consistent with 
those expected when idealizing hillslope transport as a nonlinear diffusion process. Hilltop 
curvature lags behind relief in its response to changing erosion rates, allowing growing landscapes 
to be distinguished from decaying landscapes. Numerical modeling demonstrates that hillslope 
morphology may be used to infer changes in tectonic rates. 


illslope morphology is a first-order indi- 
cator of landscape change, with great po- 
tential for investigating landscapes in 
tectonically active settings (/—3). Under the con- 
dition that erosion rates have adjusted to tectonic 


uplift, landscape morphology can be used to infer 
uplift rates (4). Until recently, efforts have fo- 
cused on inferring rates of base-level fall from 
channel profiles; hillslopes were generally consid- 
ered insensitive to rapid base-level fall because 
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they become invariantly steep and planar in such 
a context (5). Advances in the quality of digital 
topographic data have recently led to new tech- 
niques allowing interpretation of hillslope morphol- 
ogy as a first-order indicator of change in boundary 
conditions, even in rapidly uplifted landscapes 
(J-3). In the limiting case that channels respond 
more rapidly to changes in uplift rates than do 
hillslopes, the history of tectonic rates may be 
faithfully archived in the profile form of hillslopes 
(6). Hilltop curvature (Cyr) and mean hillslope 
gradient (S) are expected to vary predictably with 
relative base-level lowering rates (hereafter equated 
with tectonic uplift rate, UV), provided that hilltops 
remain soil-mantled (2, 7). 

We studied hillslope morphology at the Dragon’s 
Back Pressure Ridge (DBPR), located along the 
San Andreas Fault (SAF) in California, United 
States. Small catchments (<400 m long) trending 
perpendicular to the fault are cut into poorly con- 
solidated sediments of the Paso Robles formation 
that are readily transportable as soil (8). Geolog- 
ical mapping reveals that these sediments are pro- 
gressively folded as a monocline to the northwest. 
Surface structures exposed within the North Amer- 
ican Plate and magnetotelluric profiles suggest 
that the SAF is offset in the shallow subsurface 
and that this offset remains stationary with respect 
to the North American Plate. Taken together, 
these observations indicate that flat-lying sedi- 
ments southwest of the DBPR are progressively 
deformed as strike-slip motion moves them into 
and through the deformation zone created by this 
offset (Fig. 1A). Topography along the DBPR 
reflects translation through the fixed uplift zone 
at a rate equal to the mean slip rate along the SAF 
(33 mm year '), allowing a space-for-time 
substitution to analyze topography as a result of 
the integrated uplift history along the landform. 
As such, uplift increases rapidly from SE to NW 
along the landform, peaking 1200 m from the SE 
tip of the ridge [30 thousand years ago (ka)] and 
declining by 2000 m from that point (60 ka) (Fig. 
1A) (8). Additionally, it has been demonstrated 
that the fluvial system rapidly communicates changes 
in uplift rates to hillslopes, which is a limiting 
condition required to examine hillslope responses 
to changing tectonic rates (8). 

In steep, rapidly eroding terrain, hillslope gra- 
dient is often invariant (5, 9), an observation con- 
sistent with geomorphic transport models in which 
sediment flux increases nonlinearly with hillslope 
gradient and tends to infinity as the gradient ap- 
proaches a critical slope, Sc (2, 10, 11). When 
tectonic uplift is balanced by surface lowering rates 
(hereafter referred to as a steady-state relationship), 
a relationship can be derived from this flux law 
between two dimensionless topographic mea- 
sures: (i) an apparent dimensionless erosion rate 
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E* and (ii) dimensionless relief R* (7) (supplemen- 
tary materials) 
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(2) 
where Ly; 1s horizontal hillslope length. Changes in 
E* and R* are primarily driven by changes in Cyr 
and S, respectively. As E* becomes large, R* 
asymptotically approaches unity, indicating that 
mean slopes approach Sc at high uplift rates 
(Fig. 2A, dashed line). When the steady-state 
assumption is violated, deviation from the steady- 
state relationship (Fig. 2A, dashed line) has been 
hypothesized to reflect the adjustment of hillslope 
profiles to changes in relative base-level lowering 
rates (6). Therefore, we calculate E* and R* from 
high-resolution topographic data (see the supple- 


E 260000 E 261000 


A Uplift (mm year) 
0.0 —-1.2 
—04 —16 
0.8 —2.0 


N 3888000 


REPORTS 


mentary materials for details) by quantifying 
S, Cyr, and Ly to reveal landscape history in re- 
lation to changing uplift (2). 

S, Cy, and Ly all increase in response to in- 
creased erosion rates (Fig. 1). S attains maximum 
values by 900 m (27 ka) along the landform and 
remains high until 2700 m (82 ka), suggesting 
that S is limited by landsliding in these areas as 
previously observed (8). By 750 m (23 ka), Ly 
increases to 30 m and remains approximately 
constant until 2700 m (82 ka). Uplift rates are 
high 1 mm year ') at 900 to 1800 m (27 to 55 
ka); in this zone, Cyr increases to a maximum 
value 750 m (23 ka) after uplift has declined. 

We used S, Cyz, and Ly to calculate E* and 
R*, fixing Sc =0.8 so that R* cannot exceed unity 
(S should not exceed Sc). We observed systematic 
deviations between the measured values and those 
expected for steady-state hillslopes (Fig. 2A). Ini- 
tially, increasing S elevates R* and increasing Ly 
and Cyr causes E* to rise. R* does not notably 
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Fig. 1. Study site and hillslope morphology. (A) Shaded relief image of the DBPR adjacent to the SAF 
[Universal Transverse Mercator zone, 11N projection; with eastings (E) and northings (N) given in meters]. 
Contours show the distribution of surface uplift derived by geological mapping of deformed sedimentary 
beds (8), and black lines depict mapped hilltops. (B) Distribution of surface metrics sampled from hilltops 
in (A). Shaded regions show standard deviations, and solid lines are standard errors about bin means. The 
space-for-time substitution is based on a slip rate of 0.033 m year on the SAF (8). S appears limited by 
900 m along the DBPR, whereas Cy; continues to increase, suggesting rising erosion rates. 
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increase after 25 ka as hillslope gradient ap- 
proaches Sc. Increasing Cy raises E* even after 
uplift ceases at 55 ka. From 80 ka onward, both E* 
and R* decline gradually; however, E* values are 
larger for a given R* value than would be pre- 
dicted based on the steady-state model. This pat- 
tern suggests that changes in Cyy (and hence E*) 
lag behind S (and hence R*). The result is tec- 
tonically induced hysteresis in hillslope form: high- 
relief, low-Cyr and low-relief, high-Cyr hillslopes 
are associated with active and waning tectonic up- 
lift, respectively. 

We constructed a one-dimensional numerical 
model of hillslope evolution to determine wheth- 
er the observed hysteresis could be explained by 
the lag in hillslope response to changes in base- 
level lowering rates (supplementary materials). 
The model used a time-dependent uplift pulse 
idealized as a Gaussian function with the timing 
(tmax™), Standard deviation (¢4*), and magnitude 
(Umax) of uplift treated as model parameters. Ly 
and the transport coefficient D (supplementary 
materials) were fixed for the modeled hillslope. A 
Monte Carlo approach was used to find the most 
likely combination of these parameters according 
to the misfit between values of R* and E* derived 
from the DBPR topography and those calculated 
at corresponding model-time values in the for- 
ward model. 


The resulting distribution of apparent uplift is 
shown in Fig. 3A. Dimensionalization of the 
best-fit modeled uplift field uses D = 0.0086 m* 
year ' as previously derived for the study site 
(72), and the similarity in magnitude of modeled 
U with the independently derived mapped uplift 
field (8) supports this value. The model reason- 
ably explains the distribution of hillslope mor- 
phology, as shown by the similarity between E* 
derived from topography and the modeled hill- 
slope through time (Fig. 3B). Although first- 
order features of hillslopes within the DBPR were 
captured using the model, several key features re- 
main unexplained. 

First, the inferred U* distribution implicitly 
equates changes in base-level lowering rate with 
changes in rock uplift rate. Channels adjust rap- 
idly but not instantaneously to the waning of 
uplift (8). This delayed channel response intro- 
duces an additional 15 to 20 ka (t* = 0.14 to 0.19) 
lag between changes in uplift and relative base- 
level fall along hillslopes, similar to the offset 
between their mapped uplift field and the most 
likely distribution of U* derived from the model 
(Fig. 3A). The modeled f.,4* values were larger 
than those observed, with apparent uplift distrib- 
uted throughout the model run (Fig. 3A). 

Second, peak E* values are smaller than E* 
derived from the topography (Fig. 3B). This prob- 
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Fig. 2. Hysteresis in hillslope morphology. (A) Variation in E* and R* with distance toward the NW 
along the DBPR. The dashed line indicates the theoretical relationship for steady-state hillslopes. Error 
bars are propagated from standard errors in Fig. 1. The space-for-time substitution is based on a slip rate 
of 0.033 ma ~ on the SAF (8). The morphological evolution of hillslopes is distinct for adjustment during 
uplift versus relaxation after uplift has ceased. (B) Schematic diagram illustrating landscape response to 
the onset and conclusion of uplift and the expected distribution of F* versus R*. Values for E* versus R* 
reflect hillslope profiles highlighted in red on the schematic plot. Uplift triggers increased erosion rates in 
channels that dissect the original surface. A wavelike signal propagates onto the hillslopes, causing 
steepening (20 to 40 ka). Subsequently, the hilltops respond by becoming sharper (60 to 80 ka). At 60 ka, 
uplift ceases and channel slopes decrease (8). Hillslope gradients and hilltop curvature both reduce 


gradually in response. 
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ably reflects the choice of a modeled Gaussian 
uplift pulse that is smoother than the documented 
uplift distribution at the DBPR. 
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Fig. 3. Modeled uplift. (A) Distribution of U* as 
a function of t*. The solid black line represents the 
mapped uplift field normalized according to eq. 
$3C (using D = 0.0086 m? year? (12) and Ly, = 30 
m) and a slip rate of 0.033 m year *. The gray line 
is the Gaussian function for apparent uplift (base- 
level fall), providing the best fit to observed 
topography from probability densities with mean 
values (+16) of Umax* = 20.89 (+0.6), tmax* = 
0.621 (+0.001), and tyg* = 0.490 (+0.015). (B) 
Distribution of E* through ¢*: topography-derived 
(eq. 5SB) and modeled E£* (Pearson's correlation 
test gives R? = 0.78). (C) Distribution of modeled 
and measured R* through t*. (D) E* from topog- 
raphy and modeled hillslopes as a function of 
model-derived apparent uplift U* through f*. Hys- 
teresis is recorded so that during accelerating up- 
lift and topographic growth F* lags behind U*, 
whereas during landscape relaxation E* lags be- 
hind a declining U*. 
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Third, toward the NW end of the DBPR 
[beyond 2700 m (80 ka)], R* is generally smaller 
than model predictions (Fig. 3C). The mismatch 
could be due to high transport rates in the study 
area associated with processes that are not rep- 
licated in the model, such as debris flows, land- 
slides, and erosion by overland flow (fig. S2), 
which have been interpreted as a possible cause 
for variation in channel concavities within and 
beyond the uplift zone (8). 

Finally, we integrated the modeling results 
with field observations in a conceptual frame- 
work for the temporal evolution of the DBPR 
(Fig. 2B). Accelerated uplift drives erosional ad- 
justment that propagates into a landscape. Channel 
erosion ensues, with a concomitant delay in hill- 
slope response, so relief can grow without a com- 
mensurate change in Cyr and thus £*, leading to 
data lying above the steady-state E* versus R* 
curve. Once uplift stops, channels rapidly become 
gentler (8), whereas again hillslopes and hilltops 
are slower to respond, leading to points lying be- 
low the steady E* versus R* curve. This hysteresis 
has important implications for the interpretation of 
transient hillslopes, providing a means to discrim- 
inate between growing and decaying landscapes 
based on hillslope topography alone. 


Our findings highlight the potential to distin- 
guish active faults in remote settings, quantify the 
distribution of fault-related uplift, and delineate 
zones with high landslide risk (i.e., zones with 
high uplift rate, steep landscape, and/or proximity 
to active faults). Such an approach will be best 
suited to landscapes where hillslopes have a re- 
sponse time that is longer than that of the channel 
network, but not so long that channels effectively 
become decoupled from their base level. Alter- 
natively, where the response time of the channel 
network is very long, hillslopes may be able to 
track spatial variation in relative base levels (2) 
and provide a complementary test to channel- 
based erosion rate metrics. 
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Mapping Tectonic Deformation in the 
Crust and Upper Mantle Beneath 
Europe and the North Atlantic Ocean 


Hejun Zhu** and Jeroen Tromp” 


We constructed a three-dimensional azimuthally anisotropic model of Europe and the North Atlantic 
Ocean based on adjoint seismic tomography. Several features are well correlated with historical tectonic 
events in this region, such as extension along the North Atlantic Ridge, trench retreat in the 
Mediterranean, and counterclockwise rotation of the Anatolian Plate. Beneath northeastern Europe, the 
direction of the fast anisotropic axis follows trends of ancient rift systems older than 350 million years, 
suggesting “frozen-in” anisotropy related to the formation of the craton. Local anisotropic strength 
profiles identify the brittle-ductile transitions in lithospheric strength. In continental regions, these 
profiles also identify the lower crust, characterized by ductile flow. The observed anisotropic fabric 

is generally consistent with the current surface strain rate measured by geodetic surveys. 


inerals that constitute the Earth's crust 
M = upper mantle, such as amphibole 

and olivine, are highly anisotropic in 
terms of seismic wavespeeds. Deformation in- 
duced by tectonic activity can align the fast axes of 
these minerals with the directions of flow or prin- 
cipal extension (/). This process of lattice preferred 
orientation leads to a directional and polarization 
dependence of seismic wavespeeds. Seismic an- 
isotropy has been observed within the crust, litho- 
sphere, and asthenosphere at various scales (2-6), 
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providing important constraints on past and present 
deformation within Earth's interior (7—9). 

The European continent has undergone ex- 
tensive tectonic deformation since the Archaean 
and was especially heavily reworked by Meso- 
Cenozoic volcanism and subduction (0, //). 
Geodetic surveys have detected substantial de- 
formation due to the convergence of the Eurasian, 
African, and Arabian Plates (/2). Most seismic 
studies in this area have focused on mapping lat- 
eral heterogeneities in compressional (//) and shear 
wavespeeds (/3). Anisotropic images either come 
from investigations at the global scale (/4) or lo- 
cal studies limited to a relatively small region (6). 

Here we present an azimuthally anisotropic 
model of Europe and the North Atlantic Ocean, 


constructed based on adjoint tomography. We 
collected 26,581 three-component seismograms 
from 190 earthquakes recorded by 745 seismo- 
graphic stations (supplementary text S1). We 
used spectral-element (/5) and adjoint methods 
(16-18) to numerically calculate synthetic seis- 
mograms and Fréchet derivatives with respect 
to radial and azimuthal anisotropic model pa- 
rameters (/9, 20) in fully three-dimensional (3D) 
Earth models (supplementary text S4). Frequency- 
dependent phase and amplitude measurements 
of three-component surface waves with periods 
between 25 and 100 s were used to constrain 
structure at depths shallower than 200 to 250 km 
(supplementary text S3). A new anisotropic mod- 
el of Europe and the North Atlantic Ocean, called 
EU60, was obtained after 10 preconditioned con- 
jugate gradient iterations (2/). 

Both isotropic shear wavespeed and the an- 
isotropic fast axis reveal numerous features corre- 
lated with tectonic activity in the region (Fig. 1). 
Along the North Atlantic Ridge (NAR), the shear 
wavespeed is relatively slow (<—3%) down to a 
depth of 250 km. The fast axis is perpendicular to 
the ridge system, in agreement with the exten- 
sional direction of this divergent plate boundary. 

In the western Mediterranean, the east-west— 
oriented fast direction runs parallel to the opening 
trajectory of the Algero-Provengal and Tyrrheni- 
an Seas, induced by slab roll-back and migra- 
tion of the Calabrian and Apennines arcs starting 
~30 million years ago (//). This strong azimuthal 
anisotropy correlates with a large shear wave- 
speed reduction (~—4%) down to depths in ex- 
cess of 200 km, suggesting intensive deformation 
and asthenospheric flow associated with trench 
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Fig. 1. Isotropic shear wavespeed and azimuthal anisot- 
ropy in model EUgo. The top and bottom panels illustrate 
horizontal cross sections of relative perturbations in isotropic 
shear wavespeed and azimuthal anisotropy at depths of 75 and 
125 km, respectively. Relative perturbations in shear wavespeed 
are calculated with respect to 1D reference model STW105 (28). 
The direction and magnitude of the fast axis are given by the 
orientation and length of the yellow bars. White lines denote 
global plate boundaries (29). 
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peak to peak anisotropy 
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Fig. 2. Azimuthal anisotropy within the EEC at a depth of 50 km. 
Yellow bars represent the direction and strength of the fast axis. Green 
lines denote tectonic boundaries modified from (24). Cyan lines show the 
locations of ancient rift systems and suture zones modified from (24). 
CRRS, Central Russia Rift System; PR, Pachelma Rift; PDDR. Pripyat- 
Dnieper-Donets Rift. The age of each rift event is given according to (24). 
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retreat. Beneath central Europe, the fast direc- 
tion shows a strong correlation with the arcuate 
shape of the fast Alpine anomaly down to a depth 
of 200 km. 

The old and stable East European Craton 
(EEC) is imaged as a fast shear wavespeed anom- 
aly (~+4%) down to depths in excess of 250 km 
(22). Around its border, there are striking azimuth- 
ally anisotropic fabrics associated with the ac- 
cretion of this craton since the Paleozoic era. To 
the northwest, the Caledonian Orogeny along 
the western coast of Scandinavia is dominated 
by a nearly northeast-southwest fabric within the 
depth ranging from 75 to 150 km, which changes 
abruptly to a weak east-west trend beneath the 
Baltic Shield (BS). 

On the western border of the EEC, there is 
a prominent contrast in isotropic shear wave- 
speed separating the Precambrian East European 


Fig. 3. 1D profiles of iso- 
tropic shear wavespeed and 
peak-to-peak anisotropic A 
strength at locations 1 to 8. 
(A) Simplified tectonic map 
of the European continent, 
modified from (24). Colors 
denote the age of each tec- 
tonic province. Green lines re- 
fer to global plate boundaries 
(29). (B) 1D profiles of iso- 
tropic shear wavespeed V, 
(upper panel) and peak-to- 
peak anisotropic strength 
(bottom panel) at locations 
1 to 8 in (A). Red dashed lines d. 
in the upper panel represent 
wavespeed profiles from 1D = 
reference model STW105 (28). - 
Gray boxes indicate crustal 
thickness from model EPCrust 
(30). Black dashed lines in 
the bottom panels denote 
a reference depth of 100 km. 


V, (km/s) 


Platform (EEP) from Phanerozoic central and 
western Europe, namely the Tornquist-Teisseyre 
Suture Zone (TTSZ) (23). The fast axis runs par- 
allel to the trend of this suture zone from Denmark 
to the Black Sea. To the west of the TTSZ, the 
anisotropic fabric follows the strike of several 
remarkably slow wavespeed anomalies associated 
with the Bohemian Massif, the Central Slovakian 
Volcanic Field, and the Pannonian Basin (22). The 
anisotropic strength is relatively weak to the east 
of the TTSZ at depths greater than 125 km. 
Along the southern border of the EEP, north- 
ward motion of the Arabian Plate encounters the 
stable EEC, where its trajectory turns from north- 
erly to east-westerly and contributes to the counter- 
clockwise rotation of the Anatolian Plate (Fig. 1). 
Furthermore, the Aegean is revealed as a strong 
slow anomaly, and the fast direction changes from 
northeast-southwest in the north to north-south in 
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the south, resulting from the westward motion of 
Anatolia and retreat of the Hellenic trench. Across 
the fast wavespeed anomaly of the Hellenic arc, 
the fast axis changes abruptly from trench-normal 
in the north to trench-parallel in the south, indi- 
cating retreat of the Hellenic trench since the Mid- 
Eocene (6). 

Although the shear wavespeed structure of 
the EEC is relatively simple as compared to that 
of central and western Europe, it exhibits lateral 
and depth variations in the direction and strength 
of anisotropy at depths shallower than 200 km 
(Fig. 1 and fig. S3), in agreement with investi- 
gations of anisotropic layering within the conti- 
nental lithosphere beneath North America (3-5). 
Tectonic boundaries, such as the Paleozoic Oro- 
genies and the TTSZ, as well as some ancient 
rift systems, are superimposed on the anisotropic 
field within the BS and EEP at a depth of 50 km 
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(Fig. 2). The anisotropic fabric follows the trends 
of these ancient rift systems, such as the Pachelma 
Rift, the Central Russia Rift System, and the 
Pripyat-Dnieper-Donets Rift (24), which are at 
least 350 million years old. This azimuthally an- 
isotropic pattern might originate from a “frozen- 
in” fabric in the lower crust during Precambrian 
rifting (8), which is preserved owing to relatively 
low temperatures and a lack of subsequent tec- 
tonic activity within the interior of the EEC. 

We compared 1D radial profiles of isotropic 
shear wavespeeds and peak-to-peak anisotropic 
strength for oceanic and continental lithospheres 
(Fig. 3). For typical oceanic regions (profiles 1 to 3), 
strong shear wavespeed reductions are resolved 
beneath the oceanic lithosphere (from 70 to nearly 
200 km), indicating the regime of the ductile as- 
thenosphere. Anisotropy within the crust and lith- 
osphere is relatively weak as compared to that in 


Se 


& 


Fig. 4. Comparisons between surface-wave azimuthal anisotropy and 
current strain-rate field (12). (A) Contours of peak-to-peak anisotropic strength 
at a depth of 75 km. (B) Contours of the second invariant of the strain-rate field 
measured at Earth's surface, based on geodetic surveys (72). (C and D) Comparisons 
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the asthenosphere. The peak-to-peak anisotropic 
strength first increases monotonically with depth, 
exceeding more than 1%, and then steadily de- 
creases with depth below its maximum value. 
When profiles 1 to 3 are compared, it appears that 
the depth of maximum anisotropy increases with 
the thickness of the oceanic plate. Substantial an- 
isotropy underlying a weakly anisotropic oceanic 
lithosphere may reflect a slow spreading rate and 
strong shear at the base of the Atlantic Plate, an 
asthenosphere drag mode in contrast to the plate 
drag mode of the Pacific Ocean. The aniso- 
tropic strength profiles for oceanic lithosphere 
are consistent with mineral physics experiments 
focused on the transition from brittle to ductile 
deformation (25), with weak anisotropy in the 
brittle oceanic crust and lithosphere underlain 
by a ductile region that exhibits substantial an- 
isotropy (26, 27). The depth of maximum an- 
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isotropic strength is nearly 150 km beneath the 
Pannonian Basin, as demonstrated in profile 4, 
reflecting substantial deformation beneath this 
strong slow anomaly (Fig. 1). 

In contrast, two peaks in anisotropic strength 
are observed beneath the Aegean Sea and Ana- 
tolian Plate in profiles 5 and 6, one within the 
lower crust and a second at nearly 100 km depth. 
These features agree with laboratory investiga- 
tions of lithospheric strength beneath continents, 
namely, a “sandwich” model with brittle-ductile- 
brittle-ductile transitions (25). The brittle upper 
crust is revealed as a regime with relatively weak 
anisotropy. The first peak indicates ductile flow 
within the lower crust, which may be related to 
the frozen-in fabric induced by paleo-extensions 
in the Miocene (6). The strong secondary peak is 
related to current mantle flow associated with the 
retreat of the Hellenic trench and the counter- 


-10° 0 


<—— Strain Rate (3x107 yr’) 


== 2% peak to peak anisotropy 


«“— Strain Rate (10° yr’) 


between azimuthal anisotropy at a depth of 75 km and the extensional component 
of strain rate beneath the NAR (C) and the Anatolian/Aegean (D). Yellow and red 
bars represent the fast axis and the extensional component of the current strain-rate 
field, respectively. Blue lines in (A) and (C) denote global plate boundaries (29). 
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clockwise rotation of the Anatolian Plate (Fig. 1). 
The strain rate in this region is on the order of 
10’ year ' (12), which is sufficient to align the 
fast axis of olivine with the direction of astheno- 
spheric flow (/). These two peaks are accom- 
modated by a transition zone with relatively 
modest anisotropy. 

In profiles 7 and 8, the BS and EEP exhibit 
large positive shear wavespeed anomalies down 
to depths in excess of 250 km, corresponding to 
the fast wavespeed lid underlying continents. The 
strength profiles involve strong azimuthal anisot- 
ropy within the lower crust, in agreement with 
the location of the ductile lower crust, where the 
orientation of the fast axis aligns with ancient rift 
systems (Fig. 2). The anisotropic strength within 
the lithosphere of the EEC is relatively weak as 
compared to that in the oceanic lithosphere (pro- 
files 1 to 3) and the continental lithosphere be- 
neath Anatolia (profile 6), which may be indicative 
of a plunging axis of symmetry owing to relatively 
small shear underlying this old and stable conti- 
nent (/4). Such dipping anisotropy is not accom- 
modated by our current model parameterization. 

Geodetic surveys provide direct constraints 
on deformation at Earth's surface, which may be 
compared with deformation inferred from surface- 
wave azimuthal anisotropy. Contours of peak-to- 
peak anisotropic strength and the second invariant 
of the strain rate field (/2) exhibit intensive de- 
formation along the NAR, the western Mediter- 
ranean, the Aegean Sea, and the Anatolian Plate 
(Fig. 4, A and B). The direction of the fast axis 
from surface-wave tomography and the exten- 
sional component of the current strain-rate field 


beneath the NAR and the Aegean Sea are in good 
agreement (Fig. 4, C and D). For instance, both 
run perpendicular to the NAR and reflect coun- 
terclockwise rotation of Anatolian lithosphere. 
Moreover, the transition from trench-normal to 
trench-parallel patterns beneath the Hellenic arc 
is observed in both fields (Fig. 4D). These com- 
parisons imply that it is appropriate to use these 
surface-wave azimuthal anisotropic images (both 
strength and direction) to infer deformation state 
and history. 
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Abundant Porewater Mai(IIl) 
Is a Major Component of the 
Sedimentary Redox System 


Andrew S. Madison,’*t Bradley M. Tebo,” Alfonso Mucci,? Bjarn Sundby,** George W. Luther III* 


Soluble manganese(III) [Mn(III)] can potentially serve as both oxidant and reductant in 
one-electron-transfer reactions with other redox species. In near-surface sediment porewater, 

it is often overlooked as a major component of Mn cycling. Applying a spectrophotometric kinetic 
method to hemipelagic sediments from the Laurentian Trough (Quebec, Canada), we found that 
soluble Mni(III), likely stabilized by organic or inorganic ligands, accounts for up to 90% of the total 
dissolved Mn pool. Vertical profiles of dissolved oxygen and dissolved and solid Mn suggest that 
soluble Mn(III) is primarily produced via oxidation of Mn(II) diffusing upwards from anoxic sediments 
with lesser contributions from biotic and abiotic reductive dissolution of MnOz. The conceptual 

model of the sedimentary redox cycle should therefore explicitly include dissolved Mni(III). 


anganese (Mn), a trace element essen- 
Me for life, is involved in many bio- 

geochemical redox processes. In marine 
and freshwater sediments, Mn is ubiquitous and 
abundant, exists in multiple oxidation states, and 
is rapidly cycled between these states. Electron 
transfers between manganese oxidation states 
are coupled to reactions that affect the carbon, 
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nitrogen, sulfur, oxygen, and iron (Fe) cycles 
(/-4). 

In environmental systems, Mn exists in three 
oxidation states—Mn(Il), Mn(Il), and Mn(V)— 
but conceptual models of the biogeochemical Mn 
cycle are based on the notion that only two forms 
of Mn dominate in natural aquatic environments: 
particulate Mn(IILIV) oxides and soluble Mn(II). 


Traditionally, soluble Mn(III) is not considered 
important in aqueous redox reactions and has 
been ignored in studies of sediments and in dia- 
genetic modeling (2, 5—/2). Yet, Mn(III) can be 
stabilized in solution when complexed by or- 
ganic or inorganic ligands such as the siderophore 
desferrioxamine B (DFOB) (/3), pyrophosphate 
(4), citrate (15), and pyoverdine (/6). These 
complexes have thermodynamic stability con- 
stants similar to that of the analogous Fe(III) 
complex (/3). Soluble Mn(IIJ) complexes, often 
the dominant dissolved Mn species, have been 
detected in the suboxic water columns (a region 
in which the concentrations of O2 and H2S are 
below the detection limits of most analytical tech- 
niques) of the Black Sea, Chesapeake Bay, and 
Baltic Sea (7-20). Studies of soluble MndII) 
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have been limited to suboxic water columns 
(17-20) for methodological reasons, so we have 
little or no knowledge about soluble Mn(III) in 
sediment porewaters. Nevertheless, we do know 
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that the nature of the sedimentary environment 
should favor the production and stabilization of 
Mn(II) owing to stable redox gradients and ele- 
vated concentrations of Mn and dissolved or- 
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Fig. 1. Mn and Fe sedimentary porewater and solid-phase profiles. From left to right: (A and E) 
ascorbate-extractable solid metal content, (B and F) soluble Fe species, (C and G) soluble Mn species, 
and (D and H) Mn species concentrations at Station Cabot (upper panels) and Station 23 (lower panels) 
calculated with a diagenetic model. The model simulation agrees well with the measured Mn speciation 
and total concentration data. In the original diagenetic model (24), soluble Mn(III) and Fe(III) species 
were not considered, and the modeled total Mn concentrations were displaced 2 cm above the exper- 
imental data. The natural, porewater Mn(III) complexes are stronger than the Mn(IIl)-pyrophosphate 
complex but weaker than the Mn(III)-DFOB complex. 


Table 1. Rates of Mn(III) production and loss via the pathways 
described in the text (reactions 1 to 5), and their relative importance 
expressed as percentage of total production and total loss at four 
stations in the St. Lawrence Estuary and Gulf. The downward O, flux can 


Mn(IIl) production pathways 


ganic matter, which can supply organic ligands. 
A spectrophotometric method previously opti- 
mized for sediment porewaters (2/) was used 
to determine the concentration and speciation 
of dissolved Mn. We analyzed duplicate undis- 
turbed sediment cores recovered in July 2010 at 
four stations along the Laurentian Trough on a 
seaward transect from Station 23 (fig. S1) in the 
Lower St. Lawrence Estuary (LSLE) to Cabot 
Strait (Station Cabot) at the mouth of the Gulf 
of St. Lawrence. 

In each core (fig. S2), the O2 concentration 
decreased sharply across the sediment-water in- 
terface and became undetectable [3 4M detec- 
tion limit (DL)] at depths ranging from 0.4 cm 
(Station 23) to 0.8 cm (Station Cabot) below the 
sediment surface. Sulfide was not detected (0.1 uM 
DL) in any discrete porewater sample, nor was it 
detected during microelectrode profiling in the 
upper 5 to 10 cm of cores analyzed in previous 
studies (22). The surface layer of all cores was 
enriched in ascorbate-extractable manganese (Mn- 
oxides) (Fig. 1 and figs. S3 and S4). Dissolved 
manganese was not detected in the shallowest 
sampling interval (0 to 0.5 cm) at any of the sta- 
tions, but was detected above the 0.1 uM detec- 
tion limit below this depth interval. All soluble 
Mn(IID) profiles displayed a subsurface maximum 
within the 0.5 to 5.0 cm interval. The highest sol- 
uble Mn(III) concentrations were measured at 
stations Cabot (82 uM; Fig. 1A) and CE (41 uM; 
fig. S4), where soluble Mn(III) accounted for 
up to 84% of the total dissolved Mn pool. Com- 
parison with microelectrode O, profiles indi- 
cate that O2 (>3 to 25 uM) and soluble Mn(III) 
coexist within the 0.5 to 1.0 cm depth interval. 
Lower concentrations of dissolved Mn(III) were 
detected at stations 23 (12 uM; Fig. 1G) and 16 
(20 uM; fig. S4), but Mn(iII) still accounted for 
up to 90% of the soluble Mn pool. Below the 
Mn (il) maximum in all profiles, Mn(II) concen- 
trations increased to 50 to 250 uM and became 


account for the production of Mn(III) and subsequent oxidation of upward- 
diffusing Mn(IIl). The rates are theoretical maxima and first-order estimates as 
the calculations do not consider consumption of O5 or Fe(II) in other reactions, 
including separate reactions in the Mn cycle. 


Percentage of total Mn(III) production by: 


Station Mn(1I1) production rate (mmol m~? day) 

MniIl) + O2 Mn(IV) + Fe(II) 
23 0.020 Up to 100% No overlap of Mn(IV) and Fe(II) 
Cabot 0.075 68% 6.6% 
CE 0.051 Up to 100% 5.7% 
16 0.017 No O> data collected 0.3% 

Mni(III) loss pathways 
Percentage of total Mn(III) loss 

Station Mn(II1) loss rate (mmol m~? day?) 

MniIIl) + O2 Mni(Iil) + Fe(II) 
23 0.020 Up to 100% No overlap of Mn(III) and Fe(II) 
Cabot 0.075 Up to 100% 13% 
CE 0.051 Up to 100% 31% 
16 0.017 No O> data collected 0.5% 
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the dominant Mn species. The rate of Mn(III) com- 
plexation by the porphyrin was 4.76 x 10° + 1.39 x 
10° | for the unknown Mn(IID) complexes de- 
tected in porewater. The porphyrin complexation 
rates of Mn(III) in Mn(III)-pyrophosphate and 
Mn(IID-DFOB are 2.06 x 10 7+ 2.13 x 10 °s! and 
~2 x 10° s |, respectively (2/). The St. Lawrence 
data indicate that the unknown Mn(II) complexes 
detected are more stable than Mn(II)-pyrophosphate 
but not as stable as Mn(III)-DFOB. 

The soluble Mn(IID profiles in the sediments 
display a concentration maximum near the oxic- 
suboxic interface, in agreement with the pattern 
observed in water-column studies (/7, /8). In all 
depth profiles, the Mn(III) concentration peak is 
situated below the zone enriched in ascorbate- 
extractable Mn-oxides and above the Mn(II) 
peak. This pattern suggests that soluble Mn(III) 
intermediates are produced via one-electron— 
transfer reactions involving MnO, with reduc- 
tants and Mn(II) with oxidants and stabilized by 
ligands. Soluble Mn(III) intermediates could 
form by at least four pathways: (i) abiotic (/3) 
and enzymatic (2) oxidation of Mn(I) with Oz 
(reaction 1); (ii) MnO, reduction by Fe(II) 
(reaction 2 and fig. S5), H2S, and FeS, particu- 
larly when MnO;j is in excess to these reductants; 
(iii) microbial dissimilatory MnO, reduction cou- 
pled to organic-matter mineralization (reaction 3) 
(23); and (iv) release of Mn from photosystem II 
components during organic-matter decomposi- 
tion (/7). 


L(ligand) 
Pathway 1: 4Mn’* + O; + 4H*+ —> 


4Mn*+-L + 2H,0 (1) 


L 
Pathway 2: MnO, + Fe? + 4H* —> 


Fe+-L + Mn**-L + 2H,O 


(2) 
L 
Pathway 3: (CH,O), + 4MnO, —> 
4Mn**-L + CO + 
H20O (unbalanced) (3) 


To assess the relative importance of these 
pathways, we calculated the fluxes of soluble 
Mn), Mn(II), O2, and Fe(II) from the pore- 
water profiles, assuming that transport occurs 
by molecular diffusion (see supplementary mate- 
rials). We estimated the production rate of Mn(IID) 
as the sum of the upward and downward Mn(III) 
fluxes from the concentration maximum (Table 1), 
and we compared this estimate to the Mn(III) 
production rate(s) that can be supported by the 
diffusive fluxes of individual reactants [Mn(ID), 
Os, Fe(II)]. These first-order estimates ignore the 
effects of bioturbation on transport. The highest 
Mn(III) production rate was found at Station 
Cabot (0.075 mmol m * day '); the lowest rate 
was at Station 16 (0.017 mmol m * day '). Com- 
paring the Mn(III) production rates to the fluxes 
of the reactants and accounting for the proper 
reaction stoichiometry, we found that oxidation 
of Mn(II) by O2 (pathway 1; reaction 1) is the 
dominant Mn(II) production pathway in the 
Lawrentian Trough sediments as it accounts 
for up to 100% of the Mn(III) production at sta- 
tions 23 and CE and up to 68% at Station Cabot. 

Laboratory voltammetry experiments (fig. S7) 
reveal that Mn(III) intermediates also form dur- 
ing the reduction of MnO, by Fe(II) in the pres- 
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Fig. 2. Idealized update of the Mn cycle and sedimentary porewater redox profile. (A) The Mn 
cycle with one-electron Mn reactions explicitly included. O02, present at trace concentration levels in 
the suboxic zone, is a potential Mn2* oxidant (31, 32). Nitrate and nitrite are also potential Mn2* 
oxidants, but these reactions have not been confirmed in sediment studies; likewise, ammonium is a 
potential reductant for MnOz (4, 28). (B) An update of the Froelich et al. (5) paradigm for sediment 
biogeochemistry with Mn(III) and Fe(III) included as major components of the cycles. 
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ence of DFOB, producing a Fe(III)-DFOB peak 
at approximately —0.50 V and a Mn(III)-DFOB 
peak at —1.19 V (pathway 2; reaction 2), but the 
calculated Fe(II) flux (Table 1) indicates that this 
pathway could account for a maximum of only 
6.4% of the total Mn(IID) production at Station 
Cabot and even less at the other stations. At Sta- 
tion Cabot, the two Mn(II) production pathways 
account for up to 75% (reaction 1 = 68%, reac- 
tion 2 = 7%) of the calculated Mn(III) production 
so about a quarter of the Mn(III) detected at Sta- 
tion Cabot must be produced via other pathways. 

In all cores, the decrease in Mn oxide con- 
centration with depth in the upper centimeters 
coincides with an increase in soluble Mn(III) 
(Fig. 1 and figs. S3 and S4). This overlap indi- 
cates a potential link between dissimilatory MnO, 
reduction and Mn(III) production (pathway 3; 
reaction 3) (23). Biogeochemical models indicate 
that anaerobic respiration of MnO, accounts for 
16% of total organic-matter mineralization at Sta- 
tion Cabot (24). Recently, soluble Mn(III) was 
shown to form by pathway 3 in experiments using a 
strain of Shewenella putrefaciens (23). Pathway 3 
likely accounts for a portion of the ~25% Mn(III) 
production rate deficit observed at Station Cabot 
(deficit = 100% — reaction 1 — reaction 2). 

With our present detection limit, it is not 
possible to assess the flux of Mn(III) across the 
sediment-water interface due to diffusion and/or 
bioturbation (25, 26). Although our method could 
not detect Mn in the overlying water, maintain- 
ing a long-term mass balance for Mn requires a 
minor flux of dissolved Mn out of the sediment 
(27). The oxygen profiles show a pronounced 
change in curvature near or just below 0.5-cm 
depth (fig. S2), which is indicative of an increased 
consumption rate of oxygen at this depth. At 
stations 23, CE, and Cabot, soluble Mn(III) was 
depleted below the 100 nM detection limit in the 
shallowest sampling interval (0 to 0.5 cm), but 
overlapped with O2 below 0.5-cm depth, sug- 
gesting that oxidation by O, inhibits Mn(II) 
from reaching the sediment-water interface. 
The oxidation reaction can be described as 


i 
4Mn3*-L + O) + 4H+ — 
4Mn(IV) 5) +2H,0 + L (4) 
Using reaction 4 and comparing the calcu- 
lated fluxes of O, and Mn(III), we estimated 
(Table 1) that the supply of O2 is more than 
sufficient to oxidize the upward flux of Mn(III) 
at stations 23, CE, and Cabot. Thus, oxidation 
of Mn(IIl) by O3 is likely the principal removal 
mechanism of Mn(III) in surface sediments. 
Below the soluble Mn(III) concentration maxi- 
mum, Mn(III) can be reduced to Mn(II) via two 
pathways: (i) bacterial reduction (74, 23) and (11) 
abiotic reduction with reductants such as Fe(II) 
and H2S (/4, 17, 28). Porewater HS was not 
detected in the first 10 cm of any of the cores 
and is not likely to be the reductant, but the deepest 
point at which soluble Mn(III) was detected at 
stations CE, 16, and Cabot coincides with the 
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depth where upward migrating Fe(II) was first 
detected. Given the calculated fluxes of Mn(III) 
and Fe(II) and the 1:1 stoichiometry in reaction 
5, we estimated that up to 31% of Mn(III) can 
be reduced by Fe(II) at Station CE (Table 1). 


Mn3*-L + Fe?*—>Mn?+ + Fe+-L (5) 


At stations Cabot (13%) and 16 (0.5%), this 
reduction pathway is less important. Although 
these results imply that abiotic Mn(III) reduction 
is important for Mn(III) removal, it is not the 
most important anoxic removal pathway. Never- 
theless, it does have important implications for 
the Fe cycle, as the downward flux of Mn(III) 
is sufficient to oxidize the entire upward flux of 
Fe(II). This pathway, along with several others 
(29, 30), also leads to soluble and/or colloidal 
organic Fe(III) production as shown in Fig. 1 and 
figs. S3 and S4 [Fe(III) = Feiota) — Fe(II]. The 
reduction of Mn(II) by Mn-reducing bacteria, such 
as S. putrefaciens (14, 23), likely accounts for the 
consumption of the remaining (69 to 99.5%) 
downward flux of Mn(III). Prior studies found 
a linear correlation between Mn(III) reduction and 
carbon oxidation (/4, 23), so this pathway could 
have implications for organic-matter mineral- 
ization. For these reasons, we have revised the 
current sedimentary redox paradigm (5) to in- 
clude the above Mni(III) production and removal 
pathways (Fig. 2). We have also added reactions 
1 and 4, as well as an unknown generalized Mn(III) 
microbial reduction pathway (see supplemen- 
tary materials), to an established biogeochemical 
model of sediment diagenesis (24). The model re- 
sults (Fig. 1, A and H) reproduce the position and 
shape of the soluble Mn(III) peak. 

Our findings have broad implications for un- 
derstanding Mn cycling in sediments. First, the 
current sedimentary redox model (5) should be 
revised to accommodate soluble Mn(III) and Fe(III) 
species. A proposed revision should highlight the 


importance of one-electron—transfer reactions for 
the Mn cycle (Fig. 2A) and explicitly consider dis- 
solved Mn(II) and Fe(III) (Fig. 2B). Second, 
because Mn(II) can act as either an electron accep- 
tor or an electron donor, the reduction-oxidation 
capacity of the soluble Mn pool in sediments has 
been underestimated. For (hemi)pelagic sediments, 
it appears that oxidation of Mn(II) by O; is an 
important pathway to soluble Mn(III). Soluble 
MndID) intermediates are also produced during 
dissimilatory MnO) reduction upon organic-matter 
mineralization and during abiotic reduction of 
MnO, by reductants such as Fe(II) and H2S. 
Soluble Mn(ID is likely to be ubiquitous in sedi- 
ment porewaters, where it would facilitate key 
electron-transfer processes in global biogeochem- 
ical cycles. 
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14-Step Synthesis of (+)-Ingenol 


from (+)-3-Carene 


Lars Jorgensen,”* Steven J. McKerrall,?* Christian A. Kuttruff,’ Felix Ungeheuer,* 


Jakob Felding,” Phil S. Baran?+ 


Ingenol is a diterpenoid with unique architecture and has derivatives possessing important 
anticancer activity, including the recently Food and Drug Administration—approved Picato, a 
first-in-class drug for the treatment of the precancerous skin condition actinic keratosis. Currently, 
that compound is sourced inefficiently from Euphorbia peplus. Here, we detail an efficient, 
highly stereocontrolled synthesis of (+)-ingenol proceeding in only 14 steps from inexpensive 
(+)-3-carene and using a two-phase design. This synthesis will allow for the creation of fully 
synthetic analogs of bioactive ingenanes to address pharmacological limitations and provides a 
strategic blueprint for chemical production. These results validate two-phase terpene total synthesis 
as not only an academic curiosity but also a viable alternative to isolation or bioengineering for 
the efficient preparation of polyoxygenated terpenoids at the limits of chemical complexity. 


tructurally complex, polyoxygenated ter- 
penoids and their derivatives constitute a 
medicinally vital class of natural products 
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used in a myriad of different therapeutic areas 
such as oncology (Taxol, Bristol-Myers Squibb), 
immunology (prednisone), and infectious diseases 


(artemisinin) (/). Despite the promise of complex 
terpenoids as drug molecules, their utility has been 
hampered by a number of challenges to devel- 
opment (2). In particular, many plant-derived 
terpenoid natural products, such as Taxol and 
artemisinin, suffer from a combination of low iso- 
lation yields, inconsistent isolation procedures, 
and nonrenewable natural sources (3, 4). In the 
case of Taxol, plant cell culture technology over- 
came low-yielding isolation (3), whereas in the 
case of artemisinin, collaborations between scien- 
tists in genetic engineering and chemical syn- 
thesis hold promise for providing a consistent 
supply (4, 5). These seminal works in the bio- 
logical production of natural products have led 
to a widely held presumption that bioengineering 
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is superior to organic synthesis in the production 
of all complex terpenoids (6, 7). Further, it has 
even been claimed that metabolic engineering is 
favored in the production of “natural products, 
particularly active pharmaceutical ingredients 
(APIs), some of which are too complex to be 
chemically synthesized” in a meaningful way (7). 
We repudiate these claims and present a case 
study in which chemical synthesis provides an 
approach to a structurally complex and medic- 
inally relevant terpenoid that is both amenable 
to analog synthesis and concise enough to finally 
make chemical production possible. 

A particularly chemically and biologically 
important terpene is ingenol (1, Fig. 1), a plant- 
derived diterpenoid first isolated by Hecker in 
1968 from Euphorbia ingens (8). Its structure 
was elucidated through x-ray crystallography (9), 
showing a unique in,out-[4.4. 1 ]bicycloundecane 
core, which is considerably more strained than 
the typical out,out configuration (0). In addi- 
tion to its intriguing structure, ingenol esters also 
possess important anticancer activity in animal 
models and anti-HIV activity in vitro (//—/3), de- 
riving from their interaction with protein kinase 
C (/4). In particular, ingenol mebutate [Picato 
(LEO Pharma), 2] was recently Food and Drug 
Administration—approved as a first-in-class treat- 
ment for actinic keratosis (/5), a precancerous 
skin condition, and has completed phase II clin- 
ical trials for the topical treatment of basal cell 
carcinomas (/6). Although ingenol mebutate (2) 
is highly suited for topical applications, it is de- 
graded through rapid ester migration and hydrol- 
ysis (17). These characteristics preclude systemic 
administration in the treatment of a broader range 
of cancers and are not easily addressed by avail- 
able synthetic modifications of the natural product. 

Currently the supply of ingenol mebutate (2) 
is limited to direct isolation (the current com- 
mercial source) and semisynthesis from ingenol 
(17, 18). Direct isolation yields only 1.1 mg of 
2 per kg of E. peplus (19), thus requiring an im- 
mense amount of plant material to achieve large- 
scale production. The semisynthesis requires 
isolation of ingenol, which, although available 
in a more abundant yield of 275 mg of 1 per kg 
of dried seeds of E. lathryis (20), still presents a 
dearth of material. For comparison, the isolation 
of artemisinin—where limited supply drives price 
instability—provides around 5 g per kg of dried 


ingenol (1 
9 om ingenol mebutate (2) 


(Picato®) 
[FDA approved 2012] 


Fig. 1. Ingenol (1) and ingenol mebutate (2). 
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leaves of Artemisia annua (21). In addition, en- 
gineering ingenol biosynthesis faces considerable 
challenges because the biosynthetic pathway is 
nontrivial and largely unknown [vide infra, and 
(22)]. Indeed, only the production of casbene (4, 
Fig. 2A) has been expressed in nonnative hosts, 
with a low titer of 31 mg/l (23). The above con- 
siderations led LEO Pharma, developer of Picato, 
to initiate a partnership with our group to design 
and implement a total synthesis of ingenol that 
would simultaneously be amenable to the crea- 
tion of analogs and, more importantly, short enough 
to make commercial synthesis possible. 

The structure and biological activity of ingenol 
(1) have motivated tremendous interest from syn- 
thetic organic chemists over the past 30 years (24). 
During that time, chemists have completed three 
total syntheses (25-27), one formal synthesis (28), 
and numerous approaches to the bicyclic core (24). 
Although these landmark efforts achieved elegant 
syntheses of 1, those routes required between 37 
and 45 steps, precluding their use in accessing 
synthetic analogs in meaningful quantities. As such, 
we required a much more concise, direct approach. 


REPORTS 


In light of the challenge of the in,out sys- 
tem in 1, inspiration was sought from the bio- 
synthesis of ingenane terpenoids (Fig. 2A). 
Their biosyntheses begin with the production 
of geranylgeranyl pyrophosphate (3) and its cy- 
clization to casbene (4) by casbene synthase. 
Beyond 4, the biosynthetic pathway remains spec- 
ulative; however, the presence of a variety of 
intermediately cyclized natural products suggests 
discrete cyclizations to lathyrane, tigliane, and 
lastly ingenane skeletons (22). To the best of 
our knowledge, enzymes responsible for these 
later transformations for use in bioengineering 
have not been identified. The conversion from 
a tigliane skeleton, such as phorbol (5, Fig. 2B), 
to an ingenane skeleton should proceed through 
a 1,2-pinacol rearrangement, as shown with pu- 
tative intermediate 6. Cha has demonstrated this 
type of rearrangement by leveraging the strain 
of an epoxide (29) to overcome thermodynamic 
forces (vide infra). On the other hand, a vinyl- 
ogous retropinacol rearrangement of ingenol (1) 
has also been observed (30), suggesting that 
the strain of the in,out system thermodynamically 
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Fig. 2. Biosynthetic inspiration and retrosynthetic analysis. (A) Biosynthesis and bioengineering 
of ingenane diterpenoids. Ang is Z-2-methyl-2-butenoate. (B) Two-phase approach to ingenol. 
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favors the reverse reaction. Nevertheless, we viewed 
the vinylogous pinacol rearrangement, however 
challenging, as a key structurally simplifying dis- 
connection, reducing the highly strained, bridged 
ring system into an angularly fused ring system. 

A two-phase design consisting ofa cyclase phase 
and an oxidase phase was chosen (3/). The cyclase 
phase would establish the precursor tigliane carbon 
skeleton, and the oxidase phase would install the four 
hydroxyl groups and rearrange the tiglane skeleton 
to an ingenane skeleton (Fig. 2B). The retrosynthetic 
plan thus begins with the strategic removal of oxi- 
dized functionality in the oxidase phase. The alco- 
hols at C-3 and C-20 were removed in anticipation 
that allylic oxidations would enable their installation 
(32). Indeed, Wood has demonstrated the feasibility 


of C-20 oxidation in his total synthesis of 1 (27). To 
conclude the oxidase phase, the remaining two al- 
cohols (C-4 and C-5) and the in,out-bicyclic sys- 
tem in 7 arise from a stereoselective dihydroxylation 
of the corresponding olefin and a vinylogous pin- 
acol rearrangement, respectively. In the cyclase 
phase, intermediate diene 8 was traced back to the 
commodity chemical (+)-3-carene (9, $10.20/mol), 
in which the dimethyl cyclopropane would serve 
as a stereochemistry-controlling element, ethynyl 
magnesium bromide, and aldehyde 10. Our hy- 
pothesis was that this route would provide rapid, 
scalable access to diene 8, which would serve as a 
key intermediate for both efficient preparation of 
ingenol and divergent access to ingenol analogs in 
sufficient quantity for drug development. 


[Cyclase Phase]: 7 steps, 7 C-C bonds, 5 stereocenters 
Me.,,11 


3. LiNap, HMPA, 
is 1. NCS, DMAP Cl. Me Mel, then 
a 
Me Me 2. Og; thiourea na Me ——_LiHMDS, 10 
(+)-carene (9) (48%) 1 So MMe 
[gram-scale] 10 Me 12 


Me 
Me Me 7. MeMgBr 
Ho" a 


“OTBS (80% + 18% 15) 


‘Me [gram-scale] 


[cyclase phase endpoint] 
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The synthesis begins with the transformation of 
9 into a suitable intermediate for the installation of 
the C-11 methyl group and the coupling with 10 
(Fig. 3). Chlorination of 9 with V-chlorosuccinimide 
(NCS), followed by ozonolysis, gave chloroketone 
11 in 48% yield over two steps (22.5-g scale). The 
requisite methyl group could be installed through 
a reductive alkylation; however, the corresponding 
methyl ketone proved configurationally unstable 
and formed azeotropes with a variety of solvents, 
complicating its isolation. It was found that a one-pot 
procedure for reductive alkylation and aldol reac- 
tion provided superior isolated yield and eliminated 
handling of the challenging methyl ketone. Thus, 
11 was treated with lithium naphthalenide followed 
by hexamethylphosphoramide (HMPA) and methyl 


4. ==—MgBr 


(81%, 10:1 d.r.) 
[gram-scale] 


13 


5. TBSOTH; 
[gram-scale] | TMSOTE 


(71%) 


Me 
Me Me 9. CDI Me 
Ho" HO ——————3ho"* 


““OTBS (68% over 2 steps) 


Me 


ingenol (1) 


H —————_> Me 


20-deoxyingenol (20) 


11; SeOs, 


then AcsO 
(59%) 


13. Martin's 
sulfurane, 


then NaOH 
(81%) 


Fig. 3. Reaction sequence for the total synthesis of ingenol (1). Re- 
agents and conditions are as follows: Reaction 1. NCS [3.0 equivalents (equiv.)], 
N,N-dimethylaminopyridine (DMAP) (0.1 equiv.), CH2Cl,, room temperature 
(r.t.), 3 hours. Reaction 2. 03, CH2Cl,/MeOH; thiourea (1.6 equiv.), 2 hours, 48% 
over two steps. Reaction 3. Lithium naphthalenide (~2 equiv.), Mel (10 equiv.), 
HMPA/tetrahydrofuran (THF), —78°C to r.t., 1.5 hours; LiHMDS (1.25 equiv.), 
10 (2.0 equiv.), -78°C, 4 hours, 44%. Reaction 4. Ethynylmagnesium bromide 
(5.0 equiv.), THF, -78° to —15°C, 3 hours, 81%. Reaction 5. TBSOTf (2.0 equiv.), 
Et;N (4.0 equiv.), CHCl, 0°C, 30 min; TMSOTF (2.0 equiv.), EtsN (4.0 equiv), 
0°C, 1.5 hours, 71%. Reaction 6. [RhCl(CO)2]2 (0.1 equiv.), p-xylene, 140°C, 
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12 hours, 72%. Reaction 7. Methylmagnesium bromide (4.1 equiv.), THF, —78° 
to 0°C, 30 min, 80% + 18% 15. Reaction 8. OsO, (1.5 equiv.), pyridine, r.t., 
12 hours; 1:1 aqueous Na2SO;/THF, r.t., 12 hours. Reaction 9. CDI (5.0 equiv.), 
DMAP (0.1 equiv.), CH2Cl,, rt, 8 hours, 64% over 2 steps. Reaction 10. 
BF3eEt,0 (10.0 equiv.), CH»Clz, -78° to -40°C, 30 min, then Et;N/MeOH, 80%. 
Reaction 11. SeO; (5.0 equiv.), dioxane, 80°C, 14 hours; Ac;0 (20.0 equiv.), 
DMAP (0.1 equiv.), pyridine (40.0 equiv.), rt, 1 hour, 59%. Reaction 12. HF 
(60.0 equiv.), CH3CN, 50°C, 10 hours, 90%. Reaction 13. Martin’s sulfurane 
(6.0 equiv.), CHCl3, 80°C, 3 hours, then NaOH, THF, 1 hour, 81%. Reaction 14. 
SeOz (10.0 equiv.), 2:1 dioxane/formic acid, 80°C, 1.25 hours, then NaOH, 76%. 
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iodide. The excess methyl iodide was removed by 
distillation, and subsequent addition of lithium bis 
(trimethylsilyljamide (LIHMDS) and 10—derived 
from 2-iodoxybenzoic acid (IBX) oxidation of 
the corresponding alcohol (33)—delivered aldol 
product 12 as a single diastereomer in 44% yield 
(6.4-g scale). 

Treatment of 12 with ethynyl magnesium 
bromide provided diol 13 in 81% yield as a 10:1 
mixture of diastereomers (3.0-g scale). This ini- 
tial four-step sequence rapidly assembles 13, the 
substrate for the key Pauson-Khand cyclization, by 
setting four contiguous stereocenters and forming 
three carbon-carbon bonds. Under known condi- 
tions (34) for the Pauson-Khand cyclization, 13 
decomposed rapidly. The alcohols were identi- 
fied as problematic functionalities and were 
protected by sequential, one-pot treatment with 
tert-butyldimethylsilyl triflate (TBSOT£) and tri- 
methylsilyl triflate (TMSOTH) to deliver 14 in 72% 
yield (2.7-g scale). Unexpectedly, 14 crystallized 
upon cooling, and x-ray crystallographic analysis 
unambiguously confirmed the desired stereochemistry. 
Aided by the pioneering studies of Brummond and 
others on allenic Pauson-Khand reactions (34), 
cyclization of 14 was effected by treatment with 10 
mole percent (mol %) [RhCl(CO),], under a CO 
atmosphere to provide dienone 15 in 72% yield 
(1.5-g scale). The use of degassed and anhydrous 
solvent under high dilution (0.005 M) conditions 
proved essential to the high yield of this reaction. 

Installation of the C-2 methyl group was 
achieved by treatment of 15 with methylmag- 
nesium bromide to give 8, the cyclase phase 
end point, in 80% yield with an additional 18% 
recovered 15 (1.3-g scale). By using the de- 
scribed route, 1.08 g of 8 was prepared in a sin- 
gle sequence. The cyclase phase proceeded in 
only seven steps from 9 to generate five stereo- 
centers and form seven carbon-carbon bonds, 
illustrating the strategic value of targeting a mini- 


mally oxidized core structure and using powerful 
carbon-carbon bond—forming methodologies. 

The oxidase phase began with the dihydrox- 
ylation of 8. Unfortunately, catalytic dihydrox- 
ylation was ineffective on 8, and only starting 
material or overoxidation product was obtained 
under numerous conditions used. Dihydroxyl- 
ation of the desired olefin could be realized through 
the use of stoichiometric OsOq, followed by re- 
ductive hydrolysis, to deliver the requisite diol 16 
as a single stereoisomer. The crude diol 16 was 
protected with N,\-carbonyldiimidazole (CDI) to 
deliver carbonate 17 in 68% yield over two steps 
(100-mg scale). With 17 in hand, conditions were 
developed for the pivotal vinylogous pinacol rear- 
rangement. Initial results were disappointing be- 
cause 17 was unreactive or underwent elimination 
under conditions used. However, it was discovered 
that reaction temperature plays a crucial role. The 
desired pinacol rearrangement could ultimately 
be effected by treating 17 with BF3*Et,O (where 
Et indicates an ethyl group) in CH2Cl, at —78° to 
—40°C, followed by quenching with Et;N and 
MeOH (Me, methyl), to set the strained in,out 
stereochemistry and produce ingenane 7 in 80% 
yield (191-mg scale). These results, in light of 
previous reports of the retropinacol rearrangement 
(30) of ingenol (1), suggest competing kinetic and 
thermodynamic factors. Efforts to understand the 
dynamics of this reaction and its implications for 
ingenol (1) biosynthesis are ongoing. 

The C-3 alcohol was installed by allylic oxi- 
dation with SeO>, followed by in situ protection 
as the acetate, to deliver 18 as a single diaster- 
eomer in 59% yield (128-mg scale). Removal 
of the TBS group with HF gave alcohol 19 in 
90% yield (82-mg scale). An x-ray crystal struc- 
ture, obtained by conversion of 19 to the para- 
bromobenzoate 21, unambiguously confirmed 
the stereochemistry of both the alcohol triad and 
the in,out bicyclic system (Fig. 4A). Alcohol 


““OTBS 


15 


5 mol% OsO4 


citric acid, NUO 
% 88% 


Fig. 4. Stereochemical confirmation and preliminary catalytic dihydroxylation. (A) X-ray 
crystal structure of 21. Bz* is p-bromobenzoate. (B) Catalytic dihydroxylation of 15. OsO, (0.05 equiv.), 
N-methylmorpholine WV-oxide (NMO) (2.0 equiv.), citric acid (2.0 equiv.), 1:1 t-BuOH/H,0, rt, 24 hours, 88%. 
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elimination and global deprotection were achieved 
by treatment with Martin’s sulfurane, followed 
by basic hydrolysis, to provide crystalline 20- 
deoxyingenol (20) in 80% yield (23-mg scale). 
Installation of the final C-20 alcohol was ac- 
complished by using Shibuya’s conditions for 
allylic oxidation (35)—which produced higher 
conversion, without overoxidation, than Wood’s 
conditions (27)—1o deliver 1 in 76% yield (10-mg 
scale). Synthetic 1 and 20 were spectroscopically 
identical to naturally obtained material. Thus, the 
oxidase phase consists of seven steps, which in- 
stall the congested tetraol moiety and use a bio- 
mimetic rearrangement to generate the all-carbon 
quaternary stereocenter and in,out stereochem- 
istry. The use of late-stage oxidations to introduce 
the four alcohols, particularly those that involve 
functionalization of activated C—H bonds, greatly 
increases the step economy of the synthesis (36). 

A synthesis of 1 was achieved in 14 steps and 
1.2% overall yield (73% average per step) from 
9. This compares favorably with the 1.1 mg/kg 
[0.0011% weight/weight (w/w)] isolation yield 
of 2 (78) and the 275 mg/kg (0.028% w/w) iso- 
lation yield of 1 (19). Salient features of the 
current route include (i) a four-step sequence 
transforming 9 into stereochemically complex 
13, (11) a catalytic allenic Pauson-Khand reac- 
tion producing the core carbon skeleton, (iii) a 
seemingly improbable (30) vinylogous pinacol 
rearrangement setting the requisite in,out stereo- 
chemistry, and (iv) sequential, chemoselective 
oxidation reactions installing the alcohol tetrad. 
A notable feature of the synthesis is excellent 
redox economy, evidenced by the absence of 
nonstrategic redox manipulations (37). Addi- 
tionally, the approach provides gram quantities 
of key intermediate 8, which serves as a point 
of divergence for the synthesis of analogs of 2 
(vide infra). Such studies are ongoing, and the 
current synthesis is being scaled up in conjunc- 
tion with LEO Pharma to produce large quanti- 
ties of intermediate 8 for use in analog preparation. 

This synthesis of 1 is not without limitations. 
In particular, the oxidase phase relies on the use of 
stoichiometric quantities of toxic oxidants (OsO4 
and SeO,) to install the alcohol functionality. A first 
step to address these issues is a catalytic dihydrox- 
ylation of dienone 15 (Fig. 4B), which uses 5 mol % 
OsO, in the presence of citric acid, to deliver diol 
22 in 88% yield (180-mg scale). The use of these 
conditions on the dihydroxylation of 8 gave decom- 
position, however, and retailoring the synthesis to 
use 22 requires a change in protecting group strat- 
egy. These challenges point to limitations in existing 
chemical methods for oxidation (3/), and addi- 
tional efforts to address the scalability of the oxi- 
dase phase are ongoing. 

The oxidase phase shown is designed to yield 
1; however, by using the predictable oxidase re- 
activity exemplified above, intermediate 8 can 
be diverted to a variety of ingenanes of varying 
oxidation and substitution patterns to address 
the pharmacological challenges to oral dosing 
of 2. By altering the oxidase phase, we can 
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produce analogs of 2 differing in the alcohol 
functionalities (C-3, C-4, C-5, and C-20) to better 
understand the structure-activity relationship of 
ingenanes. 

The synthesis of ingenol (1) presented herein 
illustrates the power of two-phase logic to deliver 
an efficient, concise synthesis even in architec- 
turally complex settings. The usefulness of the 
two-phase approach will undoubtedly continue 
to expand as new methods for C—C bond for- 
mation and C-H oxidation are developed. Fur- 
thermore, this report provides a strong rebuttal 
to the presumption that chemical synthesis is ill- 
equipped to deal with the preparation of struc- 
turally complex terpenoid drug molecules. Rather, 
in this instance, total chemical synthesis holds 
promise as the best method to both prepare ingenol 
mebutate (2) and enable the development of 
therapeutic analogs with broader utility in the 
treatment of human diseases. 
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Mapping of Functional Groups in 
Metal-Organic Frameworks 


Xueqian Kong,"** Hexiang Deng,?**t Fangyong Yan,"’** Jihan Kim,*+ Joseph A. Swisher,” 
Berend Smit,?>* Omar M. Yaghi,?*°§ Jeffrey A. Reimer’7§ 


We determined the heterogeneous mesoscale spatial apportionment of functional groups in a series 
of multivariate metal-organic frameworks (MTV-MOF-5) containing BDC (1,4-benzenedicarboxylate) 
linkers with different functional groups—B (BDC-NH,), E (BDC-NO3), F [(BDC-(CHs3)a], H [BDC-(OC3Hs)sl, 
and | [BDC-(OC7H7)2]—using solid-state nuclear magnetic resonance measurements combined 
with molecular simulations. Our analysis reveals that these methods discern between random (EF), 
alternating (El and EHI), and various cluster (BF) forms of functional group apportionments. 

This combined synthetic, characterization, and computational approach predicts the adsorptive 
properties of crystalline MTV-MOF systems. This methodology, developed in the context of 
ordered frameworks, is a first step in resolving the more general problem of spatial disorder in 
other ordered materials, including mesoporous materials, functionalized polymers, and defect 


distributions within crystalline solids. 


strategy for optimizing the properties of 

synthetic crystalline materials is to delib- 

erately introduce heterogeneity by increas- 
ing the number of constituents (/). This approach 
can be compromised by the dual challenges of 
phase separation, lack of order, or both. Multi- 
variate metal-organic frameworks (MTV-MOFs) 
can meet this challenge by incorporating multiple 
linkers that bear different functional groups into 
the same crystal, which creates a heterogeneous 


23 AUGUST 2013 VOL 341 


interior (2). This heterogeneity can enhanced se- 
lectivity for carbon dioxide (CO) capture and 
hydrogen uptake relative to mixtures of pure ma- 
terials. On a fundamental level, these materials 
present characterization challenges, in that there 
are no experimental techniques that can elucidate 
the intermingling of functional groups that char- 
acterizes the heterogeneity within the crystalline 
MTV-MOFs. For example, this “heterogeneity prob- 
lem” is intractable for diffraction methods (x-ray, 


neutron, and electron) and remains unexamined 
with other characterization methods. We show that 
multidimensional solid-state nuclear magnetic res- 
onance (SSNMR) combined with molecular simu- 
lations can be used to generate three-dimensional 
(3D) maps of the apportionment of functional groups 
(Fig. 1) within and between the pores of MTV- 
MOF-S. These MTV-MOFs adopt MOF-S structure 
containing BDC (1,4 benzenedicarboxylate) linkers 
with different functional groups—B (BDC-NH2), E 
(BDC-NO2), F [(BDC{CH3)2], H [BDC{OC3HS5)2, 
and I [BDC-(OC7H7)2]. This method can be ap- 
plied to other ordered or disordered systems to 


Department of Chemical and Biomolecular Engineering, Uni- 
versity of California, Berkeley, CA 94720, USA. “Environmental 
Energy Technologies Division, Lawrence Berkeley National Lab- 
oratory, Berkeley, CA 94720, USA. Department of Chemistry, 
University of California, Berkeley, CA 94720, USA. ‘Materials 
Sciences Division, Lawrence Berkeley National Laboratory, 
Berkeley, CA 94720, USA. >NanoCentury KAIST Institute and 
Graduate School of Energy, Environment, Water, and Sustain- 
ability (World Class University), Daejeon 305-701, Republic of 
Korea. 


*These authors contributed equally to this work. 

tPresent address: College of Chemistry and Molecular Sci- 
ences, Wuhan University Luojiashan, Wuhan, 430072 China. 
+Present address: Department of Chemical and Biomolecular 
Engineering, Korea Advanced Institute of Science and Tech- 
nology, 291 Daehak-ro Yuseong-gu, Daejeon, 305-701 Korea. 
§Corresponding author. E-mail: yaghi@berkeley.edu (O.M.Y.); 
reimer@berkeley.edu (J.A.R.) 


SCIENCE www.sciencemag.org 


map the distributions of functional groups, ligands, 
particles, or defects. 

Our analysis indicates that, depending on the 
combination of various kinds of functionality and 
their ratios, three distinct apportionments of those 
functionalities exist: random, alternating, and clus- 
tered. Upon discerning these apportionments, we 
can then predict and explain (1) the CO; adsorption 
isotherm and the observed differences in selectivity, 
(i1) the changes in apportionment of functionalities 
as a function of composition and functionality ratio, 
and (iti) the apportionment in temary functionality 
mixtures based on their binary NMR data. 

Different interactions between linkers can lead 
to different apportionment scenarios. Linkers with 
preferential interactions with each other form clus- 
ters, whereas linkers with preferential interactions 
with different linkers lead to alternating struc- 
tures. Linkers with no preferences give a random 
structure. The SSNMR distance measurements 
represent an average of pairwise interactions through- 
out the entire sample and thus reflect the average 


nature of apportionments. The matching of these 
NMR-derived average distances with Monte Carlo 
and molecular dynamics simulations allows us 
to uncover these various apportionment scenar- 
ios. We invoked two separate strategies for dis- 
tance measurements in the MTV-MOF system: 
2D correlation experiments (3, 4) and rotational- 
echo double-resonance (REDOR) NMR (5-9). 
The former method enjoys broad applicability in 
polymer science (4), yet was inconclusive in the 
present study (/0). The latter method proved to 
be decisive. 

The REDOR NMR method provides a quan- 
titative measure of distances between atoms. A 
pairwise measurement of the distance between 
two spectroscopically resolved nuclear spins and, 
hence, the corresponding atoms might seem an 
unlikely way to assess the apportionment of the 
functionalities of linkers because of the large num- 
ber of possible linker configurations. The key to 
recovering apportionment of the functional groups 
from this measurement, however, is in how one 


Linkers with different functional groups in MTV-MOF-5 structures 
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Fig. 1. MTV-MOF-5 linkers. Six linkers are combined with a Zn,O “secondary building unit” to form an 
MTV-MOF-5. We use the linkers B, E, F, H, and |. Each linker has the same length but differs by their 
functional groups so that they can be interchanged to form a material with the same crystal lattice but 
different apportionment of the linkers. The amino and nitro groups on linker B and E, respectively, were 
100% isotopically enriched with *°N, whereas all other nuclei are present at natural isotopic abundance. 
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Fig. 2. Solid-state NMR results for MTV-MOF-5-BF. (A) The arrow rep- 
resents the specific distance measured by our REDOR experiments. (B) 
Molecular dynamics simulations of the *7C{*°N} REDOR S/S decay curves for 
different BF apportionments. (C) A suite of 7°C spectra obtained from a *°C{*°N} 
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B Calculated 13C{15N} REDOR curves 
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considers the averaging of point-to-point distances 
over the entire sample. 

In the REDOR method, a period of multinu- 
clear irradiation is incrementally increased so that 
the pairwise coupling between NMR-active iso- 
topes evolves to yield “decay curves,”. These curves 
are governed by the dipolar coupling constant be- 
tween two spins (i and), which is proportional to 
Uri , where 7; is their internuclear distance (//). 
We selectively labeled the spins at different linkers— 
for example, '5C on linker X and '°N on linker Y— 
to probe the intermolecular separation of these 
linkers. If the linkers are close, the average coupling 
is large and the decay is rapid; that is, a fast decay 
means that most of the linkers are in close prox- 
imity. Figure 2 provides a sketch of how these decay 
curves depend on the apportionment of function- 
alities for the different scenarios possible in MTV- 
MOF-5-BF. Indeed, faster decay is expected for 
the scenarios in the order of alternating, random, 
small, and large clusters (Fig. 2B). 

To measure the REDOR curves, we °N la- 
beled, in the case of MT V-MOF-5-BF, each amine 
group of linker B and measured its coupling to 
SC spins of the methyl groups [19 parts per 
million (ppm)]. Figure 2C shows the '°C spectra 
measured in a °C {'°N} REDOR experiment at a 
given recoupling time with and without '°N di- 
polar modulation, S and So, respectively. The S/So 
ratio for the resonance at 19 ppm is plotted against 
a series of recoupling times to give S/S decay data 
and shown in Fig. 3A. Similar data were obtained 
for MTV-MOF-5-EF, EI, and EHI and are over- 
laid on the predicted REDOR curves (Fig. 3A). 

The apportionment can be derived from a 
model if we assume that linkers with different 
functional groups are predisposed to have differ- 
ent neighbor preferences and that we can express 
these preferences as effective interaction energies. 
A Monte Carlo simulation (/2) is then conducted 
whereby linkers between metal sites are randomly 
exchanged in a simulated lattice structure; a new 
apportionment is accepted according to the energy 
difference between the new and old apportionment. 
In this way, the effective interaction energies 
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determine the apportionment in a lattice model for 
which many configurations are generated using 
conventional Monte Carlo methods. The differ- 
ent apportionments lead to the distinct REDOR 
curves because these scenarios result in different 
average distances between atoms on different func- 
tional groups. In an alternating system, the majority 
of °C (on linker X)-PN (on linker Y) are paired 
next to each other, and we observed fast decay. In 
a clustered system, the number of neighboring 
'8C-1N pairs is far less, and the REDOR S/So 
decay is relatively flat. A quantitative measure of 
the REDOR curves was obtained by taking the 
apportionments of the functional groups from 
our lattice simulations and replacing the lattice 
model by the corresponding all-atom model. The 
subsequent molecular dynamics optimization pro- 
vided the ensemble average of 1/° for all labeled 
pairs from which we computed the REDOR curves. 
Both the experiments and the simulation show 
that the decay was not sensitive to temperature. 
Figure 3B shows that for different materials, we 
could obtain a quantitative match with experimen- 
tal data for the different apportionment scenarios, 
which yield materials that are visually quite dif- 
ferent. For example, the EF linkers had a random 
distribution, the EI linkers were alternating, and 
clusters were formed for the BF linkers. To ratio- 
nalize these results, we carried out density func- 
tional theory (DFT) calculations (0) to address 
the effect of functional group identity on the ener- 
gy of formation of the metal-linker complex (table 
S3). Because of the electronegative -NO, group, 
the E linker has the least favorable energy of for- 
mation. This accounts for why we have been un- 
able to synthesize a pure E MTV-MOF and why 
binary and ternary MTV-MOFs have a lower linker 
E content compared with their synthesis solution 
(table S1). The implication of these DFT calcula- 
tions for apportionment is that the structural build- 
ing units will minimize the number of E linkers, 
resulting in an apportionment biased toward an 
alternating structure. The B linker differentiates 
itself from others in that this linker can form hy- 
drogen bonds both with other B linkers and with 
the synthesis solvent (/3). One therefore would 
anticipate clustering in solution as an antecedent 
for the formation of clusters in the MTV-MOF. 

With these apportionments, we can predict the 
adsorption properties of these materials. Figure 4 
shows that the experimental isotherms of MTV- 
MOF-5-EI and EHI agree well with the ones de- 
rived from our best-fit models to the REDOR data 
and that alternative apportionments of large clus- 
ters fail to describe the adsorption isotherms. We 
can also use this result to rationalize the surprising 
enhancement of the selectivity for CO. over carbon 
monoxide (CO) observed in the MTV-MOF-5-EHI 
material compared with the single-linker MOF-5 
material (2). The MOF-5 with E linkers lacks se- 
lectivity, while the ones with I linkers are too bulky 
and therefore block the pores. The combination of 
the two in an altemating functionality apportionment, 
however, creates the highly selective adsorption 
sites and sufficient pore space that are responsible 
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Fig. 3. REDOR results and apportionments. (A) Experimental “?C{*°N} REDOR curves (squares) are 
compared with the molecular dynamics simulations for the different linker apportionments, large clusters 
(LC), small clusters (SC), random (Ran), and alternating (Alt). (B) The derived apportionments for the 
different MTV-MOF-5s. Yellow, linker B; blue, linker F; red, linker E; purple, linker I; green, linker H. 


for the fourfold enhancement of the selectivity 
observed previously but unexplained (2). 

Until now, we have used the effective inter- 
action energies as fitting parameters for the NUR 
REDOR curves. We surmise that these effective 
energies describe the underlying interactions of 
the linkers during the formation of the MOF. We 
can use this model to predict the apportionment. 
For example, we successfully predicted the ap- 
portionments and corresponding REDOR curves 


of compositions that were not yet synthesized 
(fig. S17). In addition, we predicted the effect of 
changes in the linker composition and the ternary 
linker apportionment on the basis of only binary 
interaction parameters (tables S6 and S7). 

Our strategy to resolve apportionment in a 
disordered system consists of three parts: the syn- 
thesis of systems with disorder distributed upon 
an ordered lattice (in the present study MTV- 
MOFs); experimental measurement of pairwise 
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Fig. 4. CO, adsorption isotherms. (A) MTV-MOF-5-EI and (B) MTV-MOF-5-EHI. Experimental (blue) 
and simulated (red) at 298 K. Solid circles correspond to simulated isotherms for those linker ap- 
portionments that best fit the REDOR experiments. For reference, we have added simulation results for a 


large-cluster apportionment. 


distances (here via NUR REDOR); and a com- 
putational method that allows us to directly sim- 
ulate the disorder. This strategy may be employed 
for many issues in materials engineering, such as 
defect distributions in crystals and functional group 
distributions in block copolymers. It is our cur- 
rent vision to design and synthesize materials with 
crafted heterogeneity so as to carry out complex 
molecular operations such as recognizing, sorting, 
and counting substrates. 
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Microscopic Evidence for 
Liquid-Liquid Separation in 
Supersaturated CaCO; Solutions 


Adam F. Wallace,"'”3* Lester 0. Hedges,” Alejandro Fernandez-Martinez, 4 
Paolo Raiteri,° Julian D. Gale,” Glenn A. Waychunas,* Stephen Whitelam,” 


Jillian F. Banfield,” James J. De Yoreo”’”** 


Recent experimental observations of the onset of calcium carbonate (CaCO3) mineralization suggest 
the emergence of a population of clusters that are stable rather than unstable as predicted by classical 
nucleation theory. This study uses molecular dynamics simulations to probe the structure, dynamics, and 
energetics of hydrated CaCO; clusters and lattice gas simulations to explore the behavior of cluster 
populations before nucleation. Our results predict formation of a dense liquid phase through liquid-liquid 
separation within the concentration range in which clusters are observed. Coalescence and solidification 
of nanoscale droplets results in formation of a solid phase, the structure of which is consistent with 
amorphous CaCO3. The presence of a liquid-liquid binodal enables a diverse set of experimental 
observations to be reconciled within the context of established phase-separation mechanisms. 


alcium carbonate (CaCO3) has been in- 
tensely studied over the past century, and 
its most stable polymorph at ambient 
conditions, calcite, is often cited as a model of 
classical crystal growth behavior (/). However, 
findings from titration, ultracentrifugation (2, 3), 
and cryogenic transmission electron microscopy 
(cryo-TEM) (3, 4) now suggest that the onset of 
CaCO 3 mineralization—nucleation—contradicts 
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classical expectations. In the classical picture, nu- 
cleation is a stochastic process in which thermal 
fluctuations induce the formation of clusters that 
are unstable with respect to dissolution. Clusters 
increase in both size and free energy until a thresh- 
old is crossed, whereupon the energy gained by 
forming the bulk material overcomes the penalty 
for creating an interface, and growth proceeds 
spontaneously. Contrasting with this classical pic- 
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ture, recent observations of long-lived nanometer- 
sized clusters present before nucleation have led 
to a predominant view of CaCO; formation in 
which the nucleation pathway is “nonclassical” 
(2, 3, 5—8), involving prenucleation clusters that 
are stable (or metastable) with respect to both dis- 
solution and growth. In this model, bulk CaCO3 
forms primarily through aggregation of these 
clusters. 

An alternative route to mineralization, liquid- 
liquid separation, has also been proposed based on 
light scattering, electron microscopy, and nuclear 
magnetic resonance (NMR) (9-11). This hypothe- 
sis is supported by experimental work document- 
ing the formation of liquid magnesium sulfate 
(MgSO,) at high temperature (/2), as well as the 
known persistence of a polymer-stabilized liquid 
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CaCO; phase under ambient conditions (/3). A 
recent study using NMR to quantify the diffusion 
of ions in solution after the introduction of cal- 
cium (//) concluded that a bicarbonate-rich liquid 
phase may exist at pH = 8.5. However, because 
the measurements quantified the diffusion of ion 
species in a bulk sense only, the inhibited mobil- 
ity of the bicarbonate ions could not be unambig- 
uously assigned to the formation of cluster species 
over 1on-pairs; moreover, the proclivity of calcium 
ions to structure water and influence the overall 
solution viscosity with increasing concentration 
could not be addressed. Thus, conclusive exper- 
imental evidence that the clusters observed at the 
onset of CaCO3 mineralization are liquid does 
not exist, and the relationship between the pre- 
nucleation clusters and the hypothesized liquid 
phase remains unclear, as does the size distribu- 
tion and thermodynamic character of clusters 
themselves (8, /4). 

Owing to the challenges faced by experimen- 
tal approaches in directly quantifying the ener- 
getics of transient nanoscale cluster species that 
form during the nucleation process, we used mo- 
lecular dynamics simulations to investigate wheth- 
er initially formed clusters are stable or unstable 
relative to the solution and to explore their forma- 
tion pathways. Earlier simulations (5, 6, 15, 16) 
used high ion concentrations in order to increase 
the frequency of ion association events and fa- 
cilitate sampling of the energy landscape within 
time scales accessible with unbiased simulations 
(5, 15). After formation, the clusters generated in 
this manner were transferred to lower concentra- 
tion environments in order to demonstrate their 
stability at more experimentally relevant condi- 
tions (5). These results show that the earliest 
formed clusters adopt low-density chain, ring, 
and branched structures. However, in the high- 
concentration limit growth proceeds at the diffu- 
sion limit, with barriers opposing ion attachment 
on par with the ambient thermal energy ~kpT, 
where kg is the Boltzmann constant and T is 
temperature. Application of biased sampling 
methods—designed to limit the amount of time 
the system spends exploring local features of the 
energy landscape (metadynamics)—found that com- 
pact crystalline states could be stable at sizes as small 
as ~2 to 4 nm (/6), although their free energy 
relative to ions in solution was not determined. 

Neither of the aforementioned approaches shed 
light on the evolution of the initial hydrated clus- 
ters to more compact dense states, which is the 
key to understanding the pathway to nucleation 
and the stability of the prenucleation clusters. We 
explored cluster stability, structure, and the nucle- 
ation pathway by introducing simulation tech- 
niques that are capable of determining the nature 
of equilibrated CaCO; cluster species directly at 
the low concentrations used experimentally. We 
used the Kawska-Zahn method (/7), modified to 
allow for solvation during all steps, to grow hydrated 
clusters into a size regime (~1.5 to 2 nm in diameter) 
that overlaps with cryo-TEM-based observations 
of prenucleation clusters, while temperature-based 
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replica-exchange molecular dynamics (/8, 19) 
was used to hasten the exploration of the energy 
landscape and minimize the tendency of the sys- 
tem to become kinetically trapped in local energy 
minima during the early stages of nucleation and 
growth (20). 

In agreement with previous studies (5, /5), 
our simulations show that low-density configu- 
rations are observed for small clusters; however, 
such arrangements give way to more condensed 
states very rapidly with further ion additions 
(Fig. 1A). The dynamic character of the clusters 
is quantified through determination of the constit- 
uent ion diffusivities (20). For all cluster sizes 
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investigated, we obtained diffusive characteristics 
that were inconsistent with the solid state. Plotted 
as a function of cluster size, ion diffusivities fell 
largely within the range of self-diffusivities ex- 
pressed by several common solvents (Fig. 1B) (2/) 
and were markedly higher than in bulk amor- 
phous calcium carbonate (ACC) and calcite, in- 
dicating that the clusters are droplets of a dense 
ion-rich liquid phase of CaCO3(nH,O). The ion 
diffusivities decrease as the dense liquid phase 
grows; however, the rate of decline gradually 
abates and approaches a constant value charac- 
teristic of the “bulk” liquid phase. The leveling 
off of the ion diffusivity is accompanied by a 
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Fig. 1. Structural, dynamical, and energetic properties of CaCO3 clusters. (A) Snapshots taken from 
replica-exchange molecular dynamics simulations showing the evolution of polymeric cluster configurations 
toward denser structures at larger sizes. (B) Plot showing the diffusivity of calcium ions within the cluster 
species at various stages of growth compared with two solid phases of CaCO3, calcite, and ACC (from simulation) 
and the self-diffusivities (experimental) of several common solvents. The error bars represent the mean + SEM 
for n = 6 simulation trajectories at each cluster size. (C) The free energy of the solvated ions as a function 
of cluster size determined at [Ca2*] = [C037] = 0.015 mol/L using the method of Lin and coworkers (30). 
The symbols represent the mean + SEM for n = 240 free energy calculations at each cluster size. 


Fig. 2. Schematic representation of the 
phase relationships in the CaCO3-H,0 
system. The green horizontal line repre- 
sents a constant temperature slice through 
the stability fields as the solution ion ac- 
tivity product is increased. The solubility of 
all polymorphs is represented by a single 
solubility line (SL), which bounds the blue 
undersaturated solution field. This simpli- 
fication highlights that the solid phases of 
CaCO3 (calcite, aragonite, vaterite, and pre- 
sumably ACC) all display the same general 
retrograde solubility behavior. Indirect nu- 
cleation of the solid phases proceeds to the 
high concentration side of the dashed black 
liquid-liquid coexistence line (L-L). The 
bright yellow phase field bounded by the 
L-L line and the dashed red spinodal line 
(SP) indicates the conditions in which nu- 
cleation of the dense liquid phase is 
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possible. In the region bounded by the spinodal line, the solution is unstable to fluctuations, and 


liquid-liquid separation proceeds spontaneously. 
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gradual increase in the average coordination of 
calcium by carbonate ions, and a smooth cross- 
over in the most probable coordination number 
from 2 to 3 that culminates at ~26 ions (fig. S1). 
However, as evidenced by a plot of the average 
Ca-C coordination number against the ion dif- 
fusivity (fig. S2), the structural and dynamical 
properties of the clusters are correlated and 
smoothly trending, suggesting that the formation 
of the dense liquid is not marked by an abrupt 
transition in cluster character (supplementary text). 

A plot of the free energy versus cluster size 
(Fig. 1C) displays an entirely downhill free energy 
landscape, except for a possible slight increase at 
26 ions that is correlated with the gradual evolu- 
tion of the Ca-C coordination number from 2 to 3 
(20). However, the upturn in free energy is within 


the statistical confidence of our analysis. Moreover, 
if real it represents a thermodynamic impedance 
to the formation of the dense liquid phase of less 
than ~8 AgT (20 kJ/mol at 300 K) at the simulated 
conditions ([Ca?*] = [CO] = 0.015 mol/L), 
which is not sufficient to halt the growth of the 
clusters. Therefore, the most salient result of the 
free energy analysis is the observation that the free 
energy decreases monotonically with cluster size. 

The observed free energy landscape, com- 
bined with the absence of a substantial repulsive 
barrier opposing cluster association (6), is char- 
acteristic of a solution that has exceeded its sta- 
bility limit and is undergoing a spontaneous phase 
separation by means of spinodal decomposition 
(22). The accessibility of the spinodal region at 
relatively modest concentrations has considera- 
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ble consequences for the mineralization process. 
Thermodynamically, it indicates that a liquid-liquid 
coexistence line exists between the dense liquid 
phase and the ion-poor solution phase (Fig. 2), 
so that the two liquids are in a state of metastable 
equilibrium with respect to solid CaCO; phases 
over a wide range of solution conditions. 

The existence of this dense liquid phase en- 
ables both conventional ion-by-ion and cluster- 
mediated crystallization pathways to be described 
in terms of established phase separation models, 
without invoking nonclassical constructs. The 
schematic representation of the presumptive phase 
relationships within the system (Fig. 2) displays 
regions in composition and temperature space 
in which both direct and indirect crystallization 
mechanisms are possible. The exact relationships 
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Fig. 3. Classical liquid-liquid phase separation can generate coexisting 
populations of small and large clusters. (A) (Left) Temperature-density phase 
diagram for the two-dimensional (2D) Ising lattice gas (fig. $3 and movies 
S1 to $3). (Center) The free energy barrier to phase change diminishes with 
supersaturation. (Right) In the small-barrier (spinodal) regime, an evolving clus- 
ter population is generated (inset, snapshot). The distribution of cluster sizes 
(colored according to how much of the system’s mass the clusters contain) versus 
time (tp is the characteristic time for a monomer to diffuse a length equal to its 
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diameter) is shown at each point. (B) (Left) Phase diagram for the 3D Ising lattice 
gas. (Right) Equilibrated cluster size distributions after the completion of phase 
separation carried out at a range of densities near (top) and far from (bottom) 
the critical temperature. po is the binodal density. Near the critical temperature, 
a broad distribution of small clusters coexists with the largest products of phase 
change. Small clusters are seen even in undersaturated solution. Because of lattice 
artifacts, cluster size distributions from the Ising model can only be compared with 
experimental distributions on a qualitative level (24) (supplementary text). 
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are a complex function of chemical factors (such 
as pH, ionic strength, concentration, composition, 
and temperature) and may shift substantially de- 
pending on environmental conditions. Based on 
the retrograde solubility exhibited by solid CaCO; 
phases, the known behavior of MgSO, at high 
temperatures (/2), and the interpretations of 
Faatz et al. (9), the binodal orientation is likely 
concave up. A solution with a composition falling 
within the ion-poor solution field of the phase 
diagram is thermodynamically favored to nucle- 
ate one of the crystalline phases of CaCO3. How- 
ever, in practice the thermodynamic barriers 
opposing nucleation in this regime are predicted 
to be well in excess of 100 kgT (23), preventing 
homogeneous nucleation from occurring on ob- 
servable time scales. 

As the ion activity product increases (at con- 
stant temperature), the liquid-liquid coexistence 
line is encountered, and homogeneous nucleation 
of the dense liquid phase becomes possible. Dense 
liquid formation on short time scales is more likely 
than direct crystallization because the excess free 
energy of the solution-liquid interface is consid- 
erably reduced relative to the solution-crystal in- 
terface, resulting in a lower thermodynamic barrier 
to liquid-liquid separation than to crystallization. 
As the ion-activity product is increased even fur- 
ther, the spinodal line is crossed. This point marks 
the limit of solution stability and the point at which 
the barrier opposing nucleation becomes compara- 
ble with the ambient thermal energy; infinitesimal 
fluctuations in the density of ions in solution give 
rise to clusters that are thermodynamically unstable 
with respect to growth, and a macroscopic quantity 
of the dense liquid phase emerges. 

The predicted liquid-liquid separation also pro- 
vides a mechanism for generating clusters of various 
sizes, aS a generic consequence of the spatial cor- 
relations that result from particle interactions (24). 
We demonstrate this mechanism within the Ising 
lattice gas, a canonical model of phase change that 
enables exploration of the general dynamics of 
solutions driven out of equilibrium independent 
of system-specific chemical details (25, 26). The 
results exhibit a number of features that are con- 
sistent with experimental observations. 

First, in the spinodal regime hierarchical 
cluster-cluster association generates a population 
of large clusters. These clusters form on a mono- 
tonically decreasing free energy landscape (Fig. 3A 
and fig. $3) akin to the results of the atomistic 
simulations (Fig. 1C) and therefore have no spe- 
cial thermodynamic status. At the ion concentra- 
tions characteristic of the experiments in (2, 3, 9), 
the mean radius R(¢) of this population of clus- 
ters should evolve rapidly as R(#) ~ 100 nm (#/s)'? 
(27). Although the initial microscopic phase ob- 
served by Faatz et al. (9) is not clearly identifiable 
as either liquid or solid, the evolution of the par- 
ticle size distribution as displayed in their Figs. 
1B and 2 is consistent with this expectation. 

Second, a population of small clusters emerges 
alongside the rapidly growing products of spinodal 
decomposition (Fig. 3B) (24). These clusters are 
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similar in character to those that form from un- 
dersaturated solutions; they appear rapidly and 
persist throughout the spinodal process. After 
phase separation, the small cluster population is 
stable in a statistical sense. The binodal exerts a 
considerable amount of influence over the result- 
ing size distribution, which broadens—because 
of a reduction in the cluster-solution interfacial 
tension (24, 28)—with increasing proximity to the 
critical temperature [Faatz et al. (9) estimated that 
the critical temperature is close to room temper- 
ature on the basis that the number density of large 
clusters tended toward zero at ~10°C]. These re- 
sults are consistent with those of Pouget et al. (3), 
who observed large particles coexisting with a per- 
sistent population of much smaller clusters (0.7 to 
1.1 nm). Although Pouget et a/. attributed the larger- 
size fraction to ACC, the low-dose electron diffrac- 
tion technique used may not be able to distinguish 
between a cryogenically frozen liquid phase and a 
bonafide amorphous solid. Therefore, a conven- 
tional liquid-liquid phase separation mechanism 
can account for a richly structured fluid of clusters 
of sizes qualitatively similar to those seen experi- 
mentally, both small (2, 3) and large (3, 9). 

To discern whether the liquid clusters iden- 
tified in this study are reasonable models for the 
nanoscopic species observed at the onset of phase 
separation, a model of solid ACC was constructed 
by randomly aggregating clusters of the dense liquid 


Fig. 4. Local order in the CaCO3 
polymorphs. The total x-ray pair 
distribution functions of crystalline 
and amorphous polymorphs of CaCO3 
are compared with that of the model 
ACC structure produced through ag- 
gregation of the cluster species iden- 
tified in this study. 
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phase and thereafter reducing the water content, by 
a simulated dehydration process, to be commensu- 
rate with that of amorphous hydrated CaCO; (20). 
The local order within the model ACC structure 
was quantified through calculation of the total pair 
distribution function and compared with the re- 
sults of x-ray scattering measurements for valida- 
tion. This approach is distinct from the previous 
effort to model the structure with reverse Monte 
Carlo methods (29) because the structure is derived 
from an assembly and dehydration process that 
mimics a plausible growth mechanism. 

The model pair distribution function is dis- 
tinct from those for the crystalline CaCO poly- 
morphs, which are ordered indefinitely beyond 
the 15 A radius that comprises the coherent x-ray 
scattering length in ACC and is also in general 
registry with the experimentally measured dis- 
tribution function (Fig. 4). The most evident 
differences between the model and experimental 
structures arise at small radial distances (O-H and 
C-O distances) at which the experimental signal 
is most subject to interference from Fourier trans- 
formation. Additionally, the Ca-O peak centered 
at ~2.4 A is slightly split in the model structure, 
showing the presence of two peaks arising from 
nearest neighbor oxygen contacts in water mol- 
ecules and carbonate ions. However, the major 
features of the experimental pair distribution func- 
tion are reproduced. Although the model structure 


calcite 


aragonite 


vaterite 


monohydrocalcite 


Model ACC 
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is by no means unique or exact, the general corre- 
spondence of the model and experimental struc- 
tures supports the notion that ACC forms by means 
of ion-rich liquid cluster aggregation (2, 3), fol- 
lowed by dehydration and solidification. 

Recent experimental results on CaCO; min- 
eralization have shifted the focus of research 
toward exploration of prenucleation clusters as 
the crucial precursor species during the mineral 
formation process (2, 3, 5—8). Although sedi- 
mentation coefficients obtained from seminal 
analytical ultracentrifugation experiments (2, 3) 
were initially believed to provide evidence that 
the prenucleation cluster population was long- 
lived and narrowly distributed, more recent inter- 
pretations (8, /4) suggest that they represent an 
average over an unknown distribution of clusters 
detected over the course of many hours. This lat- 
ter view is supported by sample-to-sample varia- 
tions that are larger than the apparent cluster size 
distributions themselves (3), as well as cryo-TEM 
results (3) revealing both small (~0.7 to 1.1 nm) 
and large (30 to 250 nm) clusters and cluster 
coalescence. 

The findings reported here demonstrate that 
if the atomic potentials widely used to simulate 
the behavior of the CaCO; system are accurate, 
then the system should exhibit a liquid-liquid 
binodal, and this phase behavior will result in 
cluster dynamics that are consistent with the 
above ultracentrifugation and TEM observations, 
as well as those based on light scattering and 
NMR (9-11). Although the phase separation mech- 
anism depends on where the system lies relative 
to the binodal, our molecular dynamics simu- 
lations suggest that the spinodal line is easily 
accessible within the range of supersaturations 
spanned by laboratory experiments. Further, on 
the basis of our Ising model simulations, we would 
also expect a population of small clusters to co- 
exist with large clusters produced by spinodal 
decomposition. Although we cannot make quan- 
titative predictions for experimental cluster size 
distributions, we predict that this distribution of 
small clusters broadens on approaching the critical 
temperature (9). Upon crossing the spinodal, growth 
and coalescence of the dense liquid clusters is pre- 
dicted, and their dehydration produces an amor- 
phous solid exhibiting a structure that is consistent 
with that determined experimentally for ACC. 

On the basis of these findings, we argue that 
liquid-liquid phase separation can explain the be- 
havior of calcium and carbonate-bearing solutions 
within the context of established mechanisms with- 
out negating long-standing physical concepts (8). 
Thus, obtaining experimental data that can dis- 
tinguish stable prenucleation clusters from those 
produced through liquid-liquid separation is of 
the utmost importance. 
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Molecular Mechanism for Plant 
Steroid Receptor Activation by Somatic 
Embryogenesis Co-Receptor Kinases 


Julia Santiago, Christine Henzler, Michael Hothorn* 


Brassinosteroids, which control plant growth and development, are sensed by the leucine-rich 

repeat (LRR) domain of the membrane receptor kinase BRASSINOSTEROID INSENSITIVE 1 

(BRI1), but it is unknown how steroid binding at the cell surface activates the cytoplasmic kinase 
domain of the receptor. A family of somatic embryogenesis receptor kinases (SERKs) has been 
genetically implicated in mediating early brassinosteroid signaling events. We found a direct and 
steroid-dependent interaction between the BRI1 and SERK1 LRR domains by analysis of their complex 
crystal structure at 3.3 angstrom resolution. We show that the SERK1 LRR domain is involved in 
steroid sensing and, through receptor—co-receptor heteromerization, in the activation of the BRI1 
signaling pathway. Our work reveals how known missense mutations in BRI1 and in SERKs modulate 
brassinosteroid signaling and the targeting mechanism of BRI1 receptor antagonists. 


nases that sense diverse extracellular signals 
including steroid hormones (/), peptides 
(2), and proteins (3). The steroid receptor kinase 
BRI, which controls plant growth and develop- 


P lants have membrane-integral receptor ki- 
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ment (4), binds the hormone brassinolide (BL) 
with its LRR ectodomain (5—8). BL binding to 
BRI causes ordering of a ~70-residue island do- 
main that, together with the LRR core, may form 
a docking platform for a co-receptor protein (7, 8). 
The size of the envisioned interaction surface and 
its proximity to the membrane suggest that the 
SERK family of plant receptor kinases are likely 
co-receptor candidates. SERK1 and SERK3 are ge- 
netic components of the brassinosteroid signaling 
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pathway (9—/2). BRI] and SERK3 associate in 
a ligand-dependent manner (/3), and this interac- 
tion can be disrupted by the BRI1 inhibitor pro- 
tein BKI1 (/4). The BRI1 and SERK3 kinase 
domains transphosphorylate each other upon 
steroid sensing (/3). 

To study the interaction between BRI and 
SERK family proteins, we first characterized the 
bril s.q1 gain-of-function allele (75) in molecular 
detail. A 2.5 A crystal structure of bril ,,q; (table 
S1) shows that the Gly° — Glu point mutation 
is involved in the stabilization of the island do- 
main, a structural motif that we previously sug- 
gested to be crucial for the interaction with the 
co-receptor (8) (Fig. 1A). Glu in bril yg, con- 
tributes to a hydrogen-bonding network in the 
island domain f sheet, which is part of the hor- 
mone binding pocket (green in Fig. 1A). The 
brilsuai-BL complex indicates that bril gq) can- 
not signal independent of ligand, but rather sta- 
bilizes the hormone-bound state of the receptor. 


mock (NT) 


10.9+0.5 


11.2720.9 10,.520.8 = 1.740.2 


brassinazole 


5.30.8 8.30.7 1,640.2 


Consistent with this observation, we found that 
bril a; plants are only partially resistant to the 
brassinosteroid biosynthesis inhibitor brassina- 
zole (16) (Fig. 1B). 

We next produced the isolated SERK1 ecto- 
domain (residues 24 to 213) by secreted expression 
in insect cells and obtained crystals after mutating 
two of the five N-glycosylation sites (Asn'!> > 
Asp, Asn'® — Gin). A 1.5 A crystal structure of 
SERK1 (table S1) revealed the presence of five 
LRRs and the canonical N- and C-terminal cap- 
ping motifs found in plant LRR proteins (7, 8, 17) 
(Fig. 1C). The size of the SERK1 LRR domain 
is in good agreement with the size of the en- 
visioned docking platform in BRI. 

We took advantage of the bril,,g; mutation 
to form biochemically stable ternary complexes 
containing bril .uaq;, SERK1, and the steroid hor- 
mone, purified by size exclusion chromatogra- 
phy. The isolated LRR domains of both bril suai 
and SERK1 eluted as apparent monomers from 


the size exclusion column, whereas the reten- 
tion time of a bril ,,q;-BL-SERK1 complex cor- 
responded to a heterodimer at physiological cell 
wall pH (pH 4.5 to 6; Fig. 1, D and E). Com- 
plex formation was BL-dependent, which sug- 
gests that the direct physical interaction of the 
BRII and SERK1 ectodomains is mediated by 
the hormone itself (Fig. 1, D and E). Similar 
complexes could be formed using the wild-type 
BRI ectodomain, but we were unable to crys- 
tallize them (fig. S1). 

Crystals of a brilguqi-BL-SERK1 complex dif 
fracted to 3.3 A resolution. The structure was 
solved by molecular replacement, using the iso- 
lated bril 4g; and SERK1 LRR domains as search 
models (table $1). The asymmetric unit contained 
two highly similar bril .,q;-BL-SERK1 complexes 
[fig. S2; root mean square deviation (RMSD) = 
0.7 A comparing 893 corresponding C,, atoms]. 
SERK1 bound to the previously suggested dock- 
ing platform in BRI1 (8), using the inner surface 
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Fig. 1. The BRI1 and SERK1 ectodomains interact upon steroid sensing. 
(A) The hormone binding pocket in bri1,,, with the LRR core (blue), the island 
domain (green), BL (yellow), and island domain Tyr°?’”, Tyr, and Tyr” con- 
tributing to the BL binding pocket in green (sticks). Polar interactions between 
island domain Arg5% and the main-chain oxygen and nitrogen from Ile°* are 
in gray. Additional contacts by Glu? in brit,,q, to Ser®?? and Glu‘ (red) are 
mediated by a water molecule (red sphere). (B) bri,.,¢, plants show reduced 
hypocotyl growth in the presence of the BL biosynthesis inhibitor brassinazole 
(1 uM). Hypocotyl length is in mm + SD (n = 30); NT, nontreated. Controls 
(Col-0, bes1-1D, and a bril-null allele) are shown alongside. (C) Ribbon 
diagram of the SERK1 ectodomain with N- and C-terminal caps (orange), the 
LRR core (gold), disulfide bridges (green), and N-glycosylation sites in yellow 
(sticks). (D) Analytical size exclusion chromatography traces: BL-bound bri1,yq2 
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elutes as a monomer (black dotted line), as does the isolated SERK1 LRR 
domain (blue dotted line). The bri1,,4;-BL-SERK1 complex elutes as an ap- 
parent heterodimer (red line); a mixture of bri1,,4: and SERK1 in the absence of 
BL yields two isolated peaks that correspond to monomeric bri1,,4, and SERK1, 
respectively (black line). Void (Vg) and total volume (V,) are shown, together 
with elution volumes for molecular mass standards (A, thyroglobulin, 669 kD; 
B, ferritin, 440 kD; C, aldolase, 158 kD; D, conalbumin, 75 kD; E, ovalbumin, 
44 kD; F, carbonic anhydrase, 29 kD). The calculated molecular masses for 
the brit.yg and SERK1 peaks are ~125 and ~35 kD, respectively; purified 
brid. and SERK1 are ~110 and ~30 kD. Aygo, absorbance at 280 nm. (E) 
SDS—polyacrylamide gel electrophoresis (PAGE) analysis of peak elution frac- 
tions from the experiments shown in (D). Single-letter abbreviations for amino 
acid residues: E, Glu; G, Gly; |, lle; N, Asn; R, Arg; S, Ser; Y, Tyr. 
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Fig. 2. Architecture of the ternary bri1,,qi-BL-SERK1 
complex. (A) Side and 90°-rotated front views of the 
complex, with the brit.yq1 (blue) and SERK1 (orange) LRR 
domains in surface representation. (B) Corresponding 
ribbon diagrams of the bril,.g; LRR domain (blue), the 
BRI1 island domain (green), and the SERK1 LRR domain 
(orange); BL is in yellow (surface representation). The co- 
receptor ectodomain binds to the lower end of the BRI1 
superhelix, bringing the C termini of both ectodomains, 
which connect to the membrane helices and to the cyto- 
plasmic kinase domains, into proximity. 


Fig. 3. Ligand chemistry and genetic missense 
alleles validate the BRI1-SERK1 complex interface. 
(A) The N-terminal capping domain of SERK1 directly 
contacts the BRI1 steroid binding pocket and the 
20,30-diol moiety of BL. Shown is a molecular surface 
of BRI1, with the LRR core depicted in blue and the 
island domain in green. Parts of the SERK1 N-cap and 
LRR 1 are shown as ribbon diagram (orange). Main-chain 
hydrogen-bond interactions of SERK1 N-cap residues 
(cys°®, Cys®?, and Asn®) with island domain BRI1 
residue Arg*”° are depicted as dotted lines (black). 
SERK1 residues Phe®? and His® are shown alongside 
with interactions to the 20, and 30 OH groups in BL 
shown in red. Another hydrogen-bond interaction is 
between SERK1 residue Thr°* and Thr’? in BRI1 LRR 25. 
(B) Known genetic BRI1 and SERK1 alleles map to the 
complex interface. Thr’°° (cyan) in the BRI1 C-terminal 
cap contacts the conserved SERK1 residue Arg’? and 
is mutated to Ile in the BRI1 loss-of-function mutant 
bri1-102. SERK1 residue Asp*“? is centrally located in 
the complex interface (cyan) and establishes contacts 
with Glu’*? in the BRI1 C-terminal cap. The serk3eig 
gain-of-function allele, which causes mutation of the 
corresponding Asp’“* to Asn, may further stabilize the 
complex interface. (C) Analytical size exclusion chroma- 
tography traces of BL-bound bri1;92, which elutes as a 
monomer (black dotted line), as does the isolated 


SERK1 LRR domain (blue dotted line). A mixture of brilog, BL, and SERK1 


elutes as two isolated peaks, which suggests that the Thr 


destabilizes the complex (red line; compare Fig. 1D). (D) SDS-PAGE analysis of 
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peak elution fractions from the experiments shown in (C). Single-letter ab- 
breviations for amino acid residues: C, Cys; D, Asp; E, Glu; F, Phe; H, His; N, 
Asn; R, Arg; T, Thr; V, Val; Y, Tyr. 
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of its LRR domain (Fig. 2). Superposition with 
the isolated bril,.g; and SERK1 ectodomains 
revealed no structural rearrangements upon com- 
plex formation (RMSD = 1 A comparing 743 
corresponding bril yg; C,, atoms, RMSD = 0.6 A 
comparing 185 corresponding SERK1 C,, atoms, 
respectively). The small complex interface (buried 
surface area ~850 A’) involves residues origi- 
nating from the BRI] island domain, from BRI1 
LRR 25, and from SERK1 LRRs | to 4 (Fig. 2 
and Fig. 3). 

In contrast to previously described animal 
innate immunity receptor complexes (/8, 19), 
LRR capping domains are involved in the forma- 
tion of the BRH-SERK1 complex: The N-terminal 
cap of SERK1 folds on top of the BRI steroid 
binding pocket, where it establishes contacts with 
the BRI island domain (green in Fig. 3A), with 
BRU LRR 25 (BRI residues 726 to 729; Fig. 3A 
and fig. S5, in blue) and with the hormone itself. 
Here, SERK1 residue Phe®! (which appears dis- 
ordered in the isolated SERK1 structure) makes 
a stacking interaction with the C ring of the hor- 
mone, while the neighboring histidine establishes 
hydrogen bonds with the 20,30-diol moiety of 
brassinolide (Fig. 3A and figs. S3A and S4). Our 
complex structure thus provides an explanation for 
the BL-dependent interaction of BRI and SERK1 
(Fig. 1, D and E, and fig. S1) and for the critical 
role of the 2a and 30, hydroxyls in brassinosteroid 
bioactivity (20, 21). These results are consistent 
with observations that a 2,3-acetonide form of BL 
acts as a brassinosteroid pathway antagonist (22). 
We speculate that this compound still binds to 
BRI] (8) but disrupts the interaction with the co- 
receptor ectodomain, thereby blocking BRI acti- 
vation (13, 22) (fig. S3). 

The C-terminal cap of BRII also contributes 
to complex formation by establishing contacts with 
residues originating from SERK1 LRRs | to 4 
(Fig. 3B and figs. S4 and S5). Major nonpolar 
interactions are provided by SERK1 residues Tyr’, 
Tyr'®!, Tyr'*>, and Phe'*° as well as by residue 
Met”? in the BRI C-terminal cap (fig. $5). An 
extensive hydrogen-bonding network is centered 
around BRI C-terminal cap residue Glu’, which 
is contacted by SERK1 residues Glu”, Asp’, and 
Arg'*” from SERK1 LRRs 2, 3, and 4, respectively 
(Fig. 3B and fig. S5). Acidic residues in the com- 
plex interface titrate in the pH range relevant in the 
plant cell wall (Fig. 1, D and E, and fig. $1). All 
SERK1 interface residues are highly conserved 
among the known BRI1-interacting SERK family 
members from Arabidopsis and rice and in other 
small LRR receptor kinases (fig. S4). 

The presence of two known genetic alleles 
in the outlined complex interface allowed us to 
validate our structural model. The strong loss- 
of-function allele bril-102 (Thr’*° = Ile; cyan in 
Fig. 3B; see also fig. S5) (23), which does not 
affect steroid binding (24), mapped to the center 
of the BRIU-SERK1 interface, forming a hydro- 
gen bond with SERK1 residue Arg”*. Mutation of 
the respective threonine to isoleucine destabilized 
the complex (Fig. 3, C and D), which explains the 
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strong phenotype (23). A gain-of-function mu- 
tation (serk3.., Asp'*? — Asn) (25) mapped 
to Asp'™ in SERK1 (cyan in Fig. 3B; see also 
fig. S5). SERK1 Asp’? is part of the hydrogen- 
bonding network described above, and its mu- 
tation to Asn may allow for the formation of 
additional interactions with the BRI] C-terminal 
cap. A more stable association of serk3 4, with 
the receptor BRI1 would explain the behavior 
of this mutant, which displays a gain-of-function 
growth phenotype and more strongly associates 
with BRI1 upon steroid binding in vivo, even when 
the co-receptor kinase domain is catalytically 
inactive (25). 

Taken together, our findings define the acti- 
vation mechanism for a plant LRR receptor ki- 
nase, in which a shape-complementary co-receptor 
protein forms an integral part of the receptor’s 
ligand-binding pocket. Our pharmacologically 
(21, 22, 24) and genetically (//, 12, 23, 25) 
validated BRI1-BL-SERK1 complex structure 
suggests that BL acts as a “molecular glue” pro- 
moting association of the receptor with its co- 
receptor, which may trigger interaction of their 
kinase domains and subsequent activation of 
the signaling pathway (/3). A similar activation 
mechanism has been suggested for soluble plant 
hormone receptors (26, 27). However, we em- 
phasize that in the context of the full-length pro- 
teins, the transmembrane segments as well as the 
cytoplasmic kinase domains might play additional 
roles in receptor—co-receptor heteromerization and 
activation (13, 14). Also, our experiments cannot 
address the oligomeric state of BRI-SERK sig- 
naling complexes at the plasma membrane, but 
rather define a minimal signaling unit required for 
receptor activation. 

The interaction surface with BRI1 occupies 
only ~10% of SERK1’s total accessible surface 
area (blue in fig. S6). We used these sequence 
fingerprints to identify other putative BRI co- 
receptors (fig. S4). When mapping their overall 
sequence conservation to the molecular surface 
of SERK1 (orange in fig. S6), we found con- 
served surface patches that are much larger than 
required for the interaction with BRI]. SERK 
family co-receptors mediate the activation not only 
of BRI1 but of other plant receptor kinases that 
sense very different ligands (28-30). We hypoth- 
esize that SERKs harbor several distinct, partially 
overlapping, but conserved surface patches, which 
allow them to establish specific interactions with 
different receptor kinases and, potentially, their 
ligands. In line with this idea, the serk3.j. mutant 
acts as a gain-of-function allele in brassinosteroid 
signaling (25), whereas it behaves as a loss-of- 
function mutant in the FLAGELLIN-SENSING 
2 pathway (25). Plant invertase/pectin methyl- 
esterase inhibitor proteins provide another ex- 
ample where distinct surface areas on a common 
structural scaffold allow for interaction with dif- 
ferent protein targets (3/). The widespread use 
of multifunctional SERKs in plant membrane sig- 
naling could enable signaling cross-talk directly at 
the level of ligand sensing at the cell surface and 


may orchestrate the plant’s response to external 
stimuli (75). 


References and Notes 

1. J. Li, J. Chory, Cell 90, 929-938 (1997). 

2. M. Ogawa, H. Shinohara, Y. Sakagami, Y. Matsubayashi, 
Science 319, 294 (2008). 

3. L. Gémez-Gomez, T. Boller, Mol. Cell 5, 1003-1011 
(2000). 

4. Z.-Y. Wang, M.-Y. Bai, E. Oh, J.-Y. Zhu, Annu. Rev. Genet. 
46, 701-724 (2012). 

5. Z. He et al., Science 288, 2360-2363 (2000). 

6. T. Kinoshita et al., Nature 433, 167-171 (2005). 

7. J. She et al., Nature 474, 472-476 (2011). 

8. M. Hothorn et al., Nature 474, 467-471 (2011). 

9. J. Li et al., Cell 110, 213-222 (2002). 

0. K. H. Nam, J. Li, Cell 110, 203-212 (2002). 

11. X. Gou et al., PLoS Genet. 8, e1002452 (2012). 

12. R. Karlova et al., Plant Cell 18, 626-638 (2006). 

13. X. Wang et al., Dev. Cell 15, 220-235 (2008). 

14. Y. Jaillais et al., Genes Dev. 25, 232-237 (2011). 

15. Y. Belkhadir et al., Proc. Natl. Acad. Sci. U.S.A. 109, 
297-302 (2012). 

16. T. Asami et al., Plant Physiol. 123, 93-100 (2000). 

17. A. Di Matteo et al., Proc. Natl. Acad. Sci. U.S.A. 100, 
10124-10128 (2003). 

18. M. S. Jin et al., Cell 130, 1071-1082 (2007). 

19. J. Y. Kang et al., Immunity 31, 873-884 (2009). 

20. T. G. Back, R. P. Pharis, J. Plant Growth Regul. 22, 
350-361 (2003). 

21. T. G. Back, L. Janzen, R. P. Pharis, Z. Yan, Phytochemistry 
59, 627-634 (2002). 

22. T. Muto, Y. Todoroki, Bioorg. Med. Chem. 21, 4413-4419 
(2013). 

23. D. M. Friedrichsen, C. A. Joazeiro, J. Li, T. Hunter, 

J. Chory, Plant Physiol. 123, 1247-1256 (2000). 

24. Z. Y. Wang, H. Seto, S. Fujioka, S. Yoshida, J. Chory, 
Nature 410, 380-383 (2001). 

25. Y. Jaillais, Y. Belkhadir, E. Balsemao-Pires, J. L. Dangl 
J. Chory, Proc. Natl. Acad. Sci. U.S.A. 108, 8503-8507 
(2011). 

26. X. Tan et al., Nature 446, 640-645 (2007). 

27. L. B. Sheard et al., Nature 468, 400-405 (2010). 

28. D. Chinchilla et al., Nature 448, 497-500 (2007). 

29. B. Schwessinger et al., PLoS Genet. 7, e1002046 
(2011). 

30. M. Roux et al., Plant Cell 23, 2440-2455 (2011). 

31. M. Hothorn, W. Van den Ende, W. Lammens, V. Rybin, 
K. Scheffzek, Proc. Natl. Acad. Sci. U.S.A. 107, 
17427-17432 (2010). 


Acknowledgments: We thank Y. Jaillais and M. Jinek for 
comments on the manuscript, J. Martinez for help with 

data collection, A. Pauluhn for providing beam time and 
staff members of beamline PXII (Swiss Light Source, Villigen, 
Switzerland), Y. Jaillais for bri2<yqz and GABI_13E10 
transgenic lines, and M. Blazquez for bes1-1D. Atomic 
coordinates and structure factors have been deposited in the 
Protein Data Bank with accession codes 4LSA (bril<uq1), 
4LSC (SERK1), and 4LSX (bril,yg:-BL-SERK1). Supported by 
the Max Planck Society, a Federation of European Biochemical 
Societies long-term fellowship (J.S.), and an International 
Human Frontier Science Program Organization Career 
Development Award (M.H.). M.H. and Joanne Chory (Salk 
Institute) are inventors on a patent application filed by the 
Salk Institute for Biological Studies entitled “Structure of the 
Brassinosteroid Receptor BRI1, and Modulation of BRI1 
Signaling” (patent 20130007910). 


Supplementary Materials 
www.sciencemag.org/cgi/content/full/science.1242468/DC1 
Materials and Methods 

Figs. $1 to $6 

Table $1 

References (32-45) 


26 June 2013; accepted 29 July 2013 
Published online 8 August 2013; 
10.1126/science.1242468 


SCIENCE www.sciencemag.org 


Titration of Four Replication Factors Is 
Essential for the Xenopus laevis 
Midblastula Transition 


Clara Collart,”* George E. Allen,* Charles R. Bradshaw,” James C. Smith,” Philip Zegerman”>* 


The rapid, reductive early divisions of many metazoan embryos are followed by the midblastula 
transition (MBT), during which the cell cycle elongates and zygotic transcription begins. It has 
been proposed that the increasing nuclear to cytoplasmic (N/C) ratio is critical for controlling 
the events of the MBT. We show that four DNA replication factors—Cut5, RecQ4, Treslin, and 
Drf1—are limiting for replication initiation at increasing N/C ratios in vitro and in vivo in 
Xenopus laevis. The levels of these factors regulate multiple events of the MBT, including the 
slowing of the cell cycle, the onset of zygotic transcription, and the developmental activation of 
the kinase Chk1. This work provides a mechanism for how the N/C ratio controls the MBT and 
shows that the regulation of replication initiation is fundamental for normal embryogenesis. 


he early cell divisions in many metazoa 

| are rapid and maintained by maternally 
supplied products. Bulk zygotic transcrip- 

tion begins at the midblastula transition (MBT), 
also referred to as the start of the maternal- 
zygotic transition (MZT) (/), and is accompanied 
by the onset of cell movement, the activation of 
cell cycle checkpoints, and the elongation and 
asynchrony of cell divisions (2-6). This elongation 
of the cell cycle is coincident with a reduction in 


the density and synchrony of DNA replication 
initiation events (7—9), leading to the possibility 
that replication factors themselves might be 
important regulators of cell cycle duration during 
development. To test this hypothesis, we mea- 
sured the abundance of replication initiation fac- 
tors in Xenopus laevis embryos. Components of 
the first step of replication initiation, a process 
called “licensing” or prereplicative complex 
(pre-RC) assembly, remained constant or increased 
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in Xenopus laevis. (A) (Left) Western blot of DNA replication 
factors from Xenopus embryos at the indicated hours postfertilization 
(hpf). [The MBT occurs at 6 hours 30 min (6.5).] (Right) Quanti- 
fication of Western blots using Image]. Protein levels are repre- 
sented as the ratio between 8/4.5 hpf. Proliferating cell nuclear 
antigen (PCNA) is required for DNA replication elongation and did 
not change in abundance during early embryogenesis. (B) Repli- 
cation of Xenopus sperm chromatin nuclei in IVT diluted egg ex- 
tract. Sperm chromatin was added at the indicated concentrations, 
either supplemented with rabbit reticulocyte lysate + empty vector 
(control) or + vectors encoding cut5, drf1, recq4, and treslin (gray). 
The reactions were quantified relative to input DNA to represent 
replication activity per ng of sperm DNA. n = 3 experiments; error 
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in abundance during embryogenesis (Fig. 1A, 
Orcl and Mcm2, 4, 5, and 7). 

After pre-RC formation, two kinases are required 
to assemble active replisomes, cyclin-dependent 
kinase (CDK) and Dbf4-dependent kinase (DDK). 
The abundance of the noncatalytic subunit of 
DDK, which in Xenopus embryos is Drfl (Dbf4- 
related factor 1), becomes greatly reduced by the 
time of gastrulation (/0, 17). Both the mRNA and 
protein levels of three other replication factors— 
cut5, treslin, and recg4—also decreased during 
embryogenesis (Fig. 1A and fig. $1). Treslin and 
RecQ4 are orthologs of Sld3 and Sld2, the CDK 
targets required for replication initiation in yeast, 
whereas Cut5 is the ortholog of their interac- 
tion partner Dpb11 (/2—/4). Reduction in the 
levels of these replication factors during early 
cell divisions suggested that their abundance 
might be a determinant of embryonic replication 
initiation rates. To investigate this, we added 
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Fig. 2. Cut5, Drf1, RecQ4, and Treslin are 
limiting for replication in vivo in Xenopus 
laevis. (A) Western blot from stage 9 (post-MBT) 
embryos injected at the one-cell stage either with 
water (control) or with 300 pg mRNA each of treslin, 
cut5, recq4, and drf1. (B) (Top) Schematic represen- 
tation of experimental design. Xenopus embryos 
were injected at the one-cell stage, as in (A) in the 
animal pole. At 6.5 hpf (stage 8.5), animal caps 
were cut and their cells were dissociated. The cells 
were given a pulse with IdU and incorporation was 
visualized by anti-IdU immunofluorescence after 
stretching DNA onto slides (bottom). DNA, red; IdU, 
green. (C) Analysis from (B) of (i) replication extent 
(%), (ii) average IdU track length (kb), and (iii) av- 
erage gap between label (kb). n = 96 and 93 fibers 
for control and overexpressing embryos, respectively. 


Fig. 3. Overexpression of Cut5, Drf1, RecQ4, 
and Treslin causes extra rapid cell divisions 
after the MBT. (A) Images taken from a time-lapse 
movie (movie S1) of embryos injected at the one- 
cell stage, as in Fig. 2A. Cleavage 4 at the 16-cell 
stage was set to time zero. (B) Fifteen individual 
cells from the embryos in movie $1 were followed 
through early divisions until 450 min after cleavage 
4. Each time point corresponds to the cleavage of an 
individual cell. Cleavages 1 to 8 are excluded for 
simplicity. (C) Representation of the number of cell 
cycles each cell in (B) undergoes until 450 min after 
cleavage 4. (D) Embryos were injected as in (A), and 
half the DNA content of a single embryo at stages 5 
and 9 was loaded onto an agarose gel and stained 
with ethidium bromide. This gel is representative of 
triplicate repeats. DNA amount at stage 9 was 
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in vitro—translated (IVT) RecQ4, Treslin, Cut, and 
Drfl to Xenopus egg extracts and analyzed the 
replication of sperm nuclei in vitro. Increased ex- 
pression of these proteins in extracts resulted in 
a corresponding increase in DNA synthesis when 
these factors were overexpressed in combination 
(fig. S2, A to E). Furthermore, increasing the 
nuclei:extract ratio, to mimic the increasing N/C 
ratio of the early embryo, caused an exponential 
decline in DNA synthesis, which was suppressed 
by overexpression of RecQ4, Treslin, Cut5, and 
Drfl (Fig. 1B and fig. S2C). In addition, whereas 
neither the pre-RC component Orc2 nor histone 
H3 were titrated out from extracts or on chromatin 
at increasing nuclei:extract ratios (Fig. 1C) (/5), 
RecQ4, Cut5, Drfl, and Treslin were depleted 
from extracts (unbound) and less abundant on 
chromatin at nuclei:extract ratios that resulted 
in reduced replication activity (Fig. 1C and fig. 
S2F). We conclude that these four factors are 
limiting for DNA synthesis rates in Xenopus egg 
extracts in a N/C ratio—-dependent manner. 

To determine whether these factors are lim- 
iting for replication initiation in vivo, we in- 
creased the levels of all four factors in embryos 
by injection of mRNA into the fertilized egg 
(Fig. 2A). To analyze replication rates directly, 
we dissected the animal caps of embryos at stage 
8.5 (MBT), dissociated the cells, and pulse-labeled 
replication forks with 5’-iododeoxyuridine (IdU) 
(Fig. 2B, top). Anti-IdU immunofluorescence of 
labeled DNA stretched onto slides (Fig. 2B, bot- 
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tom) revealed that overexpression of RecQ4, 
Treslin, Drfl, and Cut5 resulted in an almost 
twofold increase in total replication (Fig. 2C, i). 
The length of the IdU incorporation tracks 
remained constant after overexpression of the 
four factors (Fig. 2C, ii), suggesting that repli- 
cation elongation was not affected. By contrast, 
the gap between labels was reduced nearly two- 
fold by overexpression of these factors (Fig. 2C, 
ili), which is indicative of an increase in origin 
firing. From this analysis, we conclude that RecQ4, 
Treslin, Drfl, and CutS are limiting for the frequen- 
cy of initiation at the MBT in Xenopus embryos. 

A major transition at the MBT is the lengthen- 
ing of the cell cycle (4, 16). To test the impor- 
tance of these limiting replication factors for 
cell cycle control at the MBT, we analyzed time- 
lapse movies of injected Xenopus laevis embryos 
(movie S1). In control embryos, rapid synchronous 
divisions occurred until the MBT at cycle 12, 
after which cell divisions slowed and became 
asynchronous (Fig. 3, A to C, and fig. $3), as 
previously described (/7). In embryos that over- 
express RecQ4, Treslin, Drfl, and Cut5, the rapid, 
synchronous cell divisions continued beyond cy- 
cle 12 (Fig. 3, A to C, and fig. $3), and as a result 
these embryos had a considerably greater number 
of cells (Fig. 3A) and a higher DNA content after 
the MBT (Fig. 3D). 

In accordance with a direct role for the N/C 
ratio in the titration of these factors in embryos, 
we observed a dose dependency between the 
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Fig. 4. Increasing interorigin distances at the MBT is critical for gastrulation and neurulation. 
Images of embryos injected with water (control, first column); treslin, cut5, recq4, and drf1 mRNA (second 
column); cdc6 morpholinos (MOs, third column); and embryos injected with a mixture of the cdc6 
morpholinos and mRNA for treslin, cut5, recq4, and drf1 (fourth column). Stage 7, pre-MBT; 10.5, 
gastrulation; 11.5, midgastrulation; 17, neurula. The number of embryos out of 200 surviving at stage 17 
is indicated at the bottom. (Top) Western blot of knockdown of Cdcé after morpholino injection. 
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levels of overexpression of these factors and the 
number of rapid cell cycles that were induced 
after the MBT (fig. S4). Furthermore, partial de- 
pletion of RecQ4, Treslin, Drf1, and Cut5 had the 
opposite effect as the overexpression and resulted 
in longer cell cycles at the MBT (fig. SSC). We 
conclude that the titration of at least four rep- 
lication factors—RecQ4, Treslin, Drfl, and 
CutS5—controls cell cycle length at the MBT in 
Xenopus laevis. 

Shortening of the cell cycle at the MBT by 
overexpression of these limiting factors is unlike- 
ly due to indirect effects on the cell-autonomous 
developmental clock (78, 19) because the timing 
of Cyclin E degradation was unaffected in in- 
jected embryos (fig. S6A). We also investigated 
whether the limiting factors affected the check- 
point kinase Chk1, which becomes transiently 
activated at the time of the MBT (2, 3, 6). The 
combined overexpression of RecQ4, Treslin, Drf1, 
and Cut5 together caused much earlier activation 
of Chk! in Xenopus embryos (fig. S6, B and E). 

We have previously shown that increasing the 
rates of replication initiation in budding yeast 
leads to checkpoint activation by the transient 
depletion of nucleotides (20). Because it has been 
shown that deoxyribonucleotide levels are re- 
duced at the onset of the MBT in Xenopus laevis 
(21), we wondered whether the early activation 
of Chk1 upon overexpression of RecQ4, Treslin, 
Drfl, and Cuts is due to the premature depletion 
of nucleotides. To test this, we coinjected a four- 
fold excess (200 pmols) of deoxynucleotide tri- 
phosphates (dNTPs) into the fertilized egg (22). 
Whereas injection of dNTPs alone had no effect 
on the developmental activation of Chk1 (fig. S6C), 
coinjection of dNTPs together with overexpres- 
sion of the four factors greatly reduced the acti- 
vation of Chk1, particularly at the time of the 
MBT (fig. S6D). This suggests that the develop- 
mental activation of Chk1 is, at least in part, 
caused both by the depletion of initiation factors 
and by limiting dNTP levels at the MBT. Coin- 
jection of dNTPs together with the four factors, 
although partially suppressing the developmental 
Chk1 activation, did not affect the continuation 
of rapid cell divisions in these embryos (fig. S7). 
This indicates that overexpression of RecQ4, 
Treslin, Drfl, and Cut5 sustains rapid cell divi- 
sions at the MBT independently of Chk1 acti- 
vation levels. 

Previous studies have suggested that elonga- 
tion of the cell cycle is a requirement for the onset 
of zygotic transcription (23). To address directly 
the importance of coordinating replication with 
the onset of transcription, we analyzed the Xenopus 
laevis transcriptome by high-throughput sequenc- 
ing of staged embryos. Overexpression of limiting 
replication factors delayed the expression of a 
large number of genes at the MBT (fig. S8). There- 
fore, the regulation of replication initiation densi- 
ties and cell cycle length at the MBT is a primary 
event that controls the timely transcription of a 
subset of genes in Xenopus embryos. As is the 
case in flies (24), the dynamics of expression of 
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several genes remained unaffected by the extra 
rapid cell cycles (fig. S8A), underlining that sev- 
eral mechanisms regulate mRNA abundance at 
the MBT (/). 

To understand the physiological importance 
of the regulation of DNA replication during de- 
velopment, we analyzed the phenotype of em- 
bryos overexpressing RecQ4, Treslin, Drfl, and 
Cut5S. Embryos that overexpress these four fac- 
tors failed to complete gastrulation and blasto- 
pore closure at stage 10.5 (Fig. 4) and underwent 
cell death by stage 17 (neurula), showing that titra- 
tion of these factors is critical for embryogenesis. 

If this developmental defect upon overexpres- 
sion of RecQ4, Treslin, Drfl, and Cut5 is indeed 
due to increased rates of initiation, we hypothe- 
sized that a partial reduction in origin licensing 
might suppress this phenotype. Injection of em- 
bryos with morpholinos against the pre-RC com- 
ponent cdc6 resulted in partial depletion of the 
Cdc6 protein (Fig. 4, top), and although this caused 
a slight delay in blastopore closure, 81% of these 
morpholino-injected embryos reached the neurula 
stage (Fig. 4). However, coinjection of these cdc6 
morpholinos together with overexpression of 
RecQ4, Treslin, Drfl, and Cut5 partially rescued 
the ability of these embryos to undergo gastrula- 
tion, and 38% of embryos survived until stage 
17. This indicates that the developmental defi- 
ciency caused by overexpression of RecQ4, Treslin, 
Drfl, and Cut5 is at least in part due to the re- 
sulting increase in replication initiation. The cdc6 
morpholinos in combination with the overexpres- 
sion of limiting initiation factors not only partial- 
ly rescued the embryonic defect but also restored 
normal cell cycle elongation and Chk1 activation 
at the MBT (fig. S9). Together, these experiments 


demonstrate that the regulation of replication ini- 
tiation rates is necessary for several of the critical 
events of the MBT and for normal development 
in Xenopus laevis. 

This study provides a mechanistic basis for 
the hypothesis put forward 30 years ago that 
passive depletion of limiting factors by the N/C 
ratio is the primary mechanism controlling events 
at the MBT (4). We speculate that the interplay 
between the limiting replication factors RecQ4, 
Treslin, Drfl, and CutS, together with Chk1 ac- 
tivation and CDK inactivation, forms a feedback 
loop (fig. S10), which in accordance with work in 
flies (3, 6, 25, 26) underlies how S-phase length is 
regulated during development across eukaryotes. 
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SGK196 Is a Glycosylation-Specific 
O-Mannose Kinase Required for 
Dystroglycan Function 


Takako Yoshida-Moriguchi,? Tobias Willer,’ Mary E. Anderson,” David Venzke,? Tamieka Whyte,” 
Francesco Muntoni,” Hane Lee,’ Stanley F. Nelson,? Liping Yu,’ Kevin P. Campbell’* 


Phosphorylated O-mannosyl trisaccharide [N-acetylgalactosamine—B3-N-acetylglucosamine—B4- 
(phosphate-6-)mannose] is required for dystroglycan to bind laminin-G domain—containing extracellular 
proteins with high affinity in muscle and brain. However, the enzymes that produce this structure 

have not been fully elucidated. We found that glycosyltransferase-like domain—containing 2 (GTDC2) is 
a protein O-linked mannose £ 1,4-N-acetylglucosaminyltransferase whose product could be extended 
by B 1,3-W-acetylgalactosaminyltransferase2 (B3GALNTZ) to form the O-mannosyl trisaccharide. Furthermore, 
we identified SGK196 as an atypical kinase that phosphorylated the 6-position of O-mannose, specifically 
after the mannose had been modified by both GTDC2 and B3GALNT2. These findings suggest how 
mutations in GTDC2, B3GALNT2, and SGK196 disrupt dystroglycan receptor function and lead to 


congenital muscular dystrophy. 


via stringently regulated biosynthetic path- 
ways extends their range of function. De- 
fects in the posttranslational modification of the 


Presents modification of proteins 
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dystroglycan (DG) protein are common to a vari- 
ety of congenital muscular dystrophies (CMDs)— 
including Walker-Warburg syndrome (WWS), 
Fukuyama CMD, muscle-eye-brain disease, and 


certain types of limb-girdle muscular dystrophy— 
and result in the malfunction of DG as an 
extracellular matrix (ECM) receptor (7). DG is 
composed of a transmembrane f subunit and a 
cell-surface o, subunit (2). o-DG serves as a recep- 
tor for laminin-G domain—containing ECM ligands, 
including laminin, perlecan, agrin, and neurexin 
(2), which involves various types of glycosylation 
of its mucin domain. In particular, phosphoryl- 
ation at the 6-position of an O-mannose of the 
trisaccharide [/V-acetylgalactosamine (GaINAc)}-83- 
N-acetylglucosamine (GlcNAc)-B4-mannose] 
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produces a branch chain that is ultimately extended 
with repeating disaccharides [—o3-glucuronic acid 
(GlcA)-B3-xylose (Xyl)-] synthesized by like- 
acetylglucosaminyltransferase (LARGE), enabling 
a-DG to bind ECM ligands (3, 4). Mutations in 
several known and putative glycosyltransferases 
cause DG-related disorders. Recently, genetic studies 
of the DG-related diseases CMD and cobblestone 
lissencephaly identified several new causative genes, 
including isoprenoid synthase domain containing 
(ISPD) (5), transmembrane protein 5 (TMEMS) (6), 
B1,3-N-acetylglucosaminyltransferase (B3GNT1) 
(7), glycosyltransferase-like domain containing 2 


Fig. 1. GTDC2 has a protein O-linked mannose 
£1,4-N-acetylglucosaminyltransferase activity. 
(A) HEK293 cells expressing c-Myc—tagged GTDC2 
were stained with anti-Myc (green), ERp72 (ER marker, 
red), and 4’,6-diamidino-2-phenylindole (DAPI, nuclei, 
blue). Scale bars indicate 10 um. (B) The product of 
the GTDC2 in vitro assay when a DG-derived peptide 
modified with O-linked mannose and UDP-GlcNAc were 
used as substrates was analyzed by MALDI-TOF/MS. 
A, Ala; G, Gly; H, His; I, Ile; P, Pro; T, Thr; V, Val. a.u., 
arbitrary units; m/z, mass to charge ratio. (C) Re- 
actant of the GTDC2dTM assay using Man—o.-MU 
and UDP-GlcNAc was separated on Superdex Peptide 
10/300 (GE Healthcare) columns. S, unreacted accep- 
tor substrate. P, enzymatic product. (D) Structure of 
the product in (C), with the sugar subunits labeled A 
and B. HMQC (E) and overlay (F) of the HMQC (black 
and red) and HMBC (green) spectra of the product. 
Assigned cross-peaks are labeled with a first letter 
representing the subunit [as designated in (D)], and 
the rest of the label represents the position on that 
subunit. The red peak in (E) is the folded peak. ppm, 
parts per million. 


Fig. 2. Mutations in GTDC2 and B3GALNT2 cause 
defects in the synthesis of phosphorylated o-DG. 
(A) The product of the B3GALNT2dTM in vitro assay 
using the product depicted in Fig. 1B and UDP-GalNAc 
as substrates was analyzed by MALDI-TOF/MS. (B) 
Laminin (open circles, left) and WFA (open circles, 
right) binding to DG-derived peptide modified with 
the GalNAc—B3-GlcNAc—B4-mannose was measured 
by solid-phase assay (n = 3). The trisaccharide- 
modified peptide produced by the GIDC2dTM and 
B3GALNT2dTM reactions was conjugated to maleimide- 
activated plates. The peptide modified with mannose 
was used for background subtraction. Wild-type mus- 
cle glycoproteins (solid circles) served as positive con- 
trol in the laminin-binding assay. Error bars indicate 
SD. (©) Fc-tagged DGFc340 was produced in [°“P]- 
orthophosphate—labeled fibroblasts derived from a 
control individual and GTDC2- or B3GALNT2-mutated 
patients. DGFc340 was isolated from the culture me- 


dium by using protein-A agarose, separated by SDS— 


polyacrylamide gel electrophoresis, stained with 
Coomassie brilliant blue (CBB), and analyzed by phos- 
phorimaging ([?P]). Mr, relative molecular mass. (D) 
Reactants of rabbit brain total membrane fraction 
incubated with ATP and GalNAc—B3-GlcNAc—B4- 
Man—o-MU at 37°C for 6 hours were separated on 


(GTDC2) (8), B3-N-acetylgalactosaminyltransferase2 
(B3GALNT2) (9), and SGK196 (10). However, 
the functions of the genes’ products remain largely 
unknown. 

O-Mannosy] glycosylation of a-DG is initiated 
by the endoplasmic reticulum (ER)-resident protein 
O-mannosyl] transferase 1/2 complex (POMT1/2), 
which adds mannose to Ser/Thr residues (//). To 
help to clarify the functions of the recently identi- 
fied causative proteins, we examined their sub- 
cellular localization. GTDC2 was present in the 
ER (Fig. 1A), suggesting that it might modify the 
above-described O-mannose. Thus, we synthesized 
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2600 


a peptide corresponding to the mucinlike domain 
of human o-DG (residues 316 to 329), in which 
Thr*!’ was modified by O-mannose but the re- 
maining Thr/Ser residues were replaced with Ala. 
The glycopeptide was incubated with c-Myc—tagged 
GTDC2 (GTDC2-Myc) purified from human em- 
bryonic kidney (HEK) 293 cell lysates, as well 
as various nucleotide sugars. Matrix-assisted la- 
ser desorption-ionization time-of-flight mass spec- 
trometry (MALDI-TOF/MS) analysis suggested 
that GTDC2-Myc transferred N-acetylhexosamine 
to the glycopeptide (fig. S1). Repetition of this 
assay using uridine 5’-diphosphate (UDP)-GlcNAc 
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Fig. 3. SGK196 phosphorylates 
GalNAc—B3-GlcNAc—B4-Man. 


(A) Cell lysates from control fi- 
broblasts and fibroblasts derived 
from patients with a mutation in 
SGK196, GIDC2, or B3GALNT2, as 
well as SGK196 patient—derived 
fibroblasts ectopically expressing 
SGK196-Myc-DDK, were subjected 
to a kinase assay using GalNAc—B 
3-GlcNAc—$4-Man—o.-MU. Data 
obtained from three individual 
experiments are shown, with error 
bars indicating SD. (B) Reactants 
from a phosphorylation assay in 
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which SGK196-Myc-DDK was used were separated on a C18 reverse-phase column. GalNAc—B3-GlcNAc—B4-Man—o-MU (left), GlcNAc—B4-Man—o-MU (middle), 
or Man—o-MU (right) was used as acceptor in the absence (top) or presence (bottom) of ATP. 


(Fig. 1B) or UDP-GalNAc (fig. S2) as the donor 
confirmed that the transfer was specific to GlcNAc 
and that it did not occur when GTDC2-Myec carry- 
ing a mutation found in a CMD patient was used 
(fig. S2). Next, we prepared a secreted form of 
GTDC2 (lacking the transmembrane domain; 
GTDC2dTM) in HEK293 cells (fig. S3) and con- 
ducted the transfer assay by using fluorescently 
labeled mannoside (4-methylumbelliferyl—o-p- 
mannoside; Man—o-MU) as the acceptor. The 
product was purified by gel filtration (Fig. 1C) 
and then analyzed by nuclear magnetic resonance 
(NMR). The 'H and '3C resonances of the product 
were assigned by using heteronuclear multiple 
quantum coherence (HMQC) and heteronuclear 
2-bond correlation (H2BC) spectra (fig. S4; Fig. 1, 
D and E; table S1). Rotating-frame Overhauser 
enhancement (ROE) data (fig. S5) confirmed that 
GlcNAc has a beta configuration. A BH1/AC4 
cross-peak detected by the heteronuclear multiple 
bond correlation (HMBC) spectrum (Fig. 1F) in- 
dicated that the GlcNAc was linked to the 4- 
position of the mannose. Thus, GTDC2 possesses 
a protein O-mannose f1,4-N-acetylglucosami- 
nyltransferase activity. 

Human B3GALN72, mutations in which cause 
WWS (9), has been cloned on the basis of its B3- 
glycosyltransferase motifs. This enzyme is thought 
to act as a B1,3-N-acetylgalactosaminyltransferase 
that uses B-linked GIcNAc as its acceptor in vitro 
(12). However, the GalNAc-B3-GlcNAc-8 se- 
quence had not been found in mammals when the 
gene was cloned, leaving the biological impor- 
tance of this enzyme unclear. a-DG contains an 
O-mannosyl glycan (GalINAc—B3-GleNAc-—B4- 
Man), with the mannose phosphorylated at the 
6-position (3). The ECM-ligand—binding moiety 
of a-DG extends from this phosphate residue (3). 
To test whether B3GALNT2 and GTDC2 act co- 
ordinately on O-mannose to synthesize this trisac- 
charide, we prepared a secreted form of B3GALNT2 
(B3GALNT2dTM) (fig. S6) and incubated this 
protein with UDP-GalNAc and the GleNAc—B4- 
Man-O-peptide produced by the GTDC2dTM 
reaction. MALDI-TOF/MS analysis confirmed 
that B3GALNT2 could transfer a GalNAc resi- 
due to the acceptor (Fig. 2A), suggesting that 
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Fig. 4. SGK196 phosphorylates the 6-position of O-mannose. (A) The **P/"H correlation spectroscopy 
spectrum of the product depicted in Fig. 3B when GalNAc—33-GlcNAc—B4-Man—o-MU was used as the 
acceptor. Assigned cross-peaks were labeled as described in Fig. 1 by using the subunit designation indicated 
in (B). (B) Structure of the phosphorylated product, with sugar subunits labeled A to C. (C) Model of a-DG 
glycan structures. Proposed classification of each O-mannosyl core structure is indicated at bottom. Enzymes 
responsible for forming the respective linkages are indicated at left; those identified as causing (POMT1/2, 
POMGNT1 and 2, B3GALNT2, and POMK) DG-related disorders are indicated in italics. Green circle, Man; 
blue square, GlcNAc; yellow circle, Gal; yellow square, GalNAc; red circle, phosphate. 


B3GALNT2 and GTDC2 can synthesize 
GalNAc-B3-GlcNAc—B4-Man. CMD patients who 
have mutations in these genes produce o-DG 
with pathological defects in ECM binding (8, 9). 
We next used a solid-phase laminin-binding as- 
say to test whether the GalINAc—B3-GlcNAc-B- 
terminus contributes directly to the binding of 
a-DG to ECM ligands. Whereas the GalNAc-B3- 
GlcNAc-B4-Man-—modified peptide exhibited sig- 
nificant affinity for Wisteria floribunda lectin (WFA, 
which recognizes terminal GalNAc residues), this 
was not the case for laminin-111 (Fig. 2B). Next 
we asked whether a defect in synthesis of the 
GalNAc—B3-GlcNAc-—B-terminus prevented 
O-mannose from being further modified by phos- 
phorylation. We expressed Fe-tagged recombinant 
DG (DGFc340), which contains the region in 


which the functional modification occurs (/3), 
in [°°P]-orthophosphate—labeled control fibroblasts 
and CMD patient fibroblasts with mutations in 
GTDC2 or B3GALNT2 (Fig. 2C). Indeed, the 
cells from the CMD patients did not produce 
[°?P]-phosphorylated DGFc340, indicating that 
phosphorylation of the a-DG O-mannose is in- 
hibited by lack of the GalNAc—B3-GlcNAc-B- 
terminus from the mannose. 

To understand how the O-glycan on a-DG 
is phosphorylated, we synthesized fluorescently 
labeled GalNAc-B3-GleNAc—B4-Man by using 
GTDC2dTM, B3GALNT2d1T™M, and the acceptor 
Man-o-MU. We first tested adenosine triphosphate 
(ATP) as a phosphate donor, by performing the as- 
say on total membrane fractions obtained from rab- 
bit brain with GalNAc-83-GleNAc-B4-Man-o-MU 
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as the acceptor. Separation of the reactant on a 
C18 column revealed that GalNAc—B3-GlcNAc— 
B4-Man—a-MU (Fig. 2D) was phosphorylated 
in the presence of ATP. We further separated the 
ER and Golgi complex in mouse liver membrane 
fractions and found that the phophorylation ac- 
tivity resided in the ER fractions (fig. $7). Caus- 
ative proteins of DG-related disorders whose 
functions remain unknown include fukutin (FKTN), 
fukutin-related protein (FKRP), TMEMS, ISPD, 
and SGK196. Among these, only SGK196 shares 
homology with known protein kinases, although 
it is believed to be inactive because of the high 
divergence of its putative kinase domains from the 
consensus sequence (/4). We tested its phospho- 
rylation activity in lysates from control fibroblasts 
and CMD patient fibroblasts with mutations in 
SGK196, GTDC2, or B3GALNT2. The activity 
toward GalNAc-B3-GleNAc-84-Man-a-MU was 
lacking only in the SGK196-mutated cells, and 
this loss was rescued by ectopic expression of 
c-Myc-DDK (FLAG)}Htagged SGK 196 (SGK196- 
Myc-DDK) (Fig. 3A). When SGK196-Myc-DDK 
produced in HEK293 cells was incubated with 
ATP and/or Man—o-MU derivatives, SGK 196 ex- 
hibited significant phosphorylation activity toward 
GalNAc-83-GlcNAc—84-Man—o-MU. Moreover, 
this activity was not observed when GlcNAc— 
B4-Man—o-MU or Man—a-MU was used as the 
acceptor (Fig. 3B). Phosphorylated GalNAc-B3- 
GlcNAc-—84-Man-o-MU was not detected when 
SGK196-Myc-DDK carrying a mutation (Leu'?’—> 
Arg!*’) found in a CMD patient (/0) was used 
in the assay (fig. $8). To elucidate the enzymatic 
properties of SGK196, we produced a soluble 
form of SGK196 (SGK196dTM, fig. S9). Its 
phosphorylation activity depended on divalent ions 
with an apparent Michaelis constant for ATP of 
4.1 + 1.4 uM (fig. S10). To pinpoint which hy- 
droxyl group of the trisaccharide is phospho- 
rylated by SGK196, we isolated the product 
obtained in the experiment depicted in Fig. 3B 
and analyzed its structure by NMR. The 'H and 
'5C resonances of the product were assigned on 
the basis of HMQC, HMBC, and H2BC spectra 
(fig. S11 and table S2), and the anomeric con- 
figurations were determined by ROE (fig. $12). 
The BH1/AC4 and CH1/BC3 cross-peaks detected 
in the HMBC spectrum confirmed that the GaINAc 
and GIcNAc residues were attached to GlcNAc 
and Man via 81-3 and B1-4 linkages, respectively 
(fig. S11). The phosphate group added by SGK196 
was attached to the 6-position of the mannose 
residue (Fig. 4, A and B). 

We have shown that GTDC2 has a protein 
O-mannose $1,4-N-acetylglucosaminyltransferase 
activity, which leads us to designate it as POMGNT2, 
and that GTDC2 and B3GALNT2 can synthe- 
size a GalNAc-B3-GlcNAc-f-terminus at the 
4-position of protein O-mannose. SGK196 phos- 
phorylated the 6-position of O-mannose by using 
ATP, and on this basis we propose to designate 
it as a protein O-mannose kinase (POMK). Be- 
cause SGK196 lacks certain residues required for 
catalysis by kinases (/4), the mechanism used to 
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catalyze the phosphotransfer reaction is unclear. 
SGK196 exhibited the phosphorylation activity 
only when the GalINAc-B3-GlcNAc-$-terminus 
was linked to the 4-position of O-mannose, indi- 
cating that this disaccharide serves as the substrate 
recognition motif of SGK196. This strict speci- 
ficity of SGK196 may explain why mutations in 
GTDC2 and B3GALNT2 cause DG-related dis- 
orders although their product does not directly 
recognize the ECM ligand. Because multiple types 
of O-mannosy]l glycans exist, we propose to de- 
signate the O-mannosyl glycan structures as cores 
M1 to M3 (Fig. 4C). Although the sialylated core 
M1 of DG was originally proposed to be respon- 
sible for binding to ligands in the ECM (/5), re- 
cent glycomics analysis suggests that proteins 
besides DG are subject to modification of sialylated 
cores M1 and M2 (/6). The fact that LARGE alone 
could not modify phosphorylated GalNAc—B3- 
GlcNAc—$4-Man—o-MU by using UDP-Xyl and 
UDP-GIcA as substrate (fig. S13) suggests that 
CMD causative proteins (FKRP, FKTN, TMEMS, 
and B3GNT1) besides LARGE are likely to con- 
tribute to maturation of the ECM-binding moiety 
on the phosphorylated core M3 glycan. 
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Conformational Motions Regulate 
Phosphoryl Transfer in Related Protein 
Tyrosine Phosphatases 


Sean K. Whittier,? Alvan C. Hengge,” J. Patrick Loria?’3* 


Many studies have implicated a role for conformational motions during the catalytic cycle, acting to 
optimize the binding pocket or facilitate product release, but a more intimate role in the chemical 
reaction has not been described. We address this by monitoring active-site loop motion in two 
protein tyrosine phosphatases (PTPs) using nuclear magnetic resonance spectroscopy. The PTPs, 
YopH and PTP1B, have very different catalytic rates; however, we find in both that the active-site 
loop closes to its catalytically competent position at rates that mirror the phosphotyrosine cleavage 
kinetics. This loop contains the catalytic acid, suggesting that loop closure occurs concomitantly 
with the protonation of the leaving group tyrosine and explains the different kinetics of two 
otherwise chemically and mechanistically indistinguishable enzymes. 


olecular motions are crucial for the op- 
Mem functioning of enzymes. There 


has been much debate regarding what 
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role motions play in the enzymatic conversion 
of substrates to products (/, 2), and recent studies, 
primarily solution nuclear magnetic resonance 
(NMR) relaxation experiments, have shown that 
enzyme motions are critical for optimizing the 
active site (3-6), enabling effective substrate or 
cofactor binding (7), and facilitating product 
dissociation (8). These motions often require 
collective movement of many amino acids over 
substantial molecular distances (9) and are 
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indispensible for chemistry. Furthermore, mo- 
tions appear to have been evolutionarily opti- 
mized to accommodate the extreme environments 
in which enzymes must function (/0). Often, mo- 
tions are rate-limiting to enzyme turnover; how- 
ever, this is mainly via product release, whereas 
the chemical steps are usually much faster (//). 
As aresult, the direct participation of molecular 
motions in the chemical steps of an enzyme re- 
action, with few exceptions (/2, /3), remains 
largely untested experimentally. 

We addressed this question through a com- 
parison of active-site loop motions in two struc- 
turally similar protein tyrosine phosphatases (PTPs) 
(Fig. 1A and fig. S1A): YopH, a virulence factor 
from Yersinia (14), and PTP1B, a human phos- 
phatase that is involved in regulating insulin, 
leptin, and epidermal growth factor (EGF) sig- 
naling (/5). These enzymes catalyze the cleavage 
of the tyrosine phosphate monoester (pY) of their 
protein substrates followed by hydrolysis of the 
phosphoenzyme intermediate. YopH and PTP1B 
contain 10-residue WPD (/6) active-site loops 
and conserved, eight-residue P-loops. The P-loops 
bind the phosphate moiety of the substrate and 
contain the catalytic nucleophiles C403 in YopH 
and C215 in PTP1B (Fig. 1, C and D). The WPD 
loop contains an aspartic acid D356 (D181 in 
PTP1B) that serves as the general acid to pro- 
tonate the leaving group, such that Tyr leaves as 
the alcohol rather than the alkoxide (Fig. 1, B 
to D). The P-loop does not undergo a substantial 
conformational change during catalysis. How- 
ever, motions of about 10 A differentiate the open 
(apo) and the catalytically competent closed WPD 
loop (Fig. 1B). The closed WPD loop positions 
the general acid near the oxygen of the leaving 
group of the substrate. YopH and PTP1B reac- 
tions occur in two steps (Fig. 1D). First, after sub- 
strate binds, the WPD loop closes and catalyzes 
the cleavage (Kejeavage, Where k is the rate con- 
stant) of the phosphotyrosine moiety, generating 
a phosphoenzyme intermediate and a tyrosine 
peptide. Subsequently, the phosphoenzyme inter- 
mediate is hydrolyzed (Anydrotysis)» Tegenerating 
active enzyme and releasing inorganic phosphate. 
YopH and PTP1B share equivalent chemical mech- 
anisms and transition states for P—O bond cleav- 
age. In both, kinetic isotope effects (KIE) (77, /8) 
showed the leaving group oxygen to be fully pro- 
tonated in the transition state for phosphotyrosine 
cleavage, a conclusion supported by the negligi- 
ble dependence (6 = —0.008) on leaving group 
basicity (79). Despite very similar substrate in- 
teractions and chemical mechanisms, their Kat 
values, which are partially limited by the rate of 
hydrolysis of the phosphoenzyme intermediate, 
are significantly different, with YopH about 
20-fold more active than PTP1B for phospho- 
peptide substrate with temperature-adjusted cat- 
alytic rates of 700 to 1000 s ' versus 15 to 30s ', 
respectively, at pH = 6.6 and 293 K (20). The 
cleavage of phosphopeptide is faster than the 
hydrolysis step, as evidenced by burst kinetics 
and an observed kinetic solvent deuterium iso- 
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tope effect on the overall reaction (2/). Overall, 
these kinetic data indicate that kejeayage Values for 
YopH and PTPIB range from 1400 to 2000 s’ 
and 25 to 80s ', respectively (methods). Here, we 
describe the WPD loop motion by solution-phase 
NMR relaxation dispersion studies and focus on 
the role of loop closure in the cleavage step. 
The apo (ligand-free) forms of PTP1B and 
YopH behave very differently. We applied '°N- 
Carr-Purcell-Meiboom-Gill (CPMG) relaxation 
dispersion experiments to PTP1B (22), in which 
the measured relaxation rate (R2) depends on 
the physical parameters for motion, [equilibrium 
populations p,/p, and chemical shift differences 
(Aw) between the two interconverting confor- 
mations and kinetics (k., = kp + k,), where ex 
indicates exchange; f and r indicate forward and 
reverse rates, respectively and t.,, which is the 
delay between '°N 180° pulses (eq. S1). For 
PTP1B, we have assigned amide resonances for 
W179, F182, G183, V184, S187, and A189 (/6) 
in the WPD loop. Of these, resonances for G183 
and S187 are too weak to quantitate, and V184 is 
partially overlapped precluding further analysis. 
The remaining WPD loop residues (W179, F182, 
and A189, fig. S1, B to D) show upward curving 
CPMG relaxation dispersion (Fig. 2, A to C). 
The exchange parameters are shown in Table 1. 


A 


Fig. 1. Comparison of YopH and PTP1B. (A) YopH (cyan), PTP1B (gray), the 
phosphate analog, and vanadate (red spheres) localize the active site. (B) Open 


P-loop 


Their individual fits yield similar exchange rates 
with k., ~ 900 s', suggesting concerted loop 
motion. Therefore, F182 and A189 data were 
fit to a global model simultaneously at 600 and 
800 MHz (Table 1). For these two residues, p, = 
97.5 + 1.4% (SE) and p, = 2.5%. Knowledge 
of p, and k., enables determination of kp= 22 + 
5s | and k, = 890 + 190s '. The larger uncer- 
tainties in measured Ry values for W179 precluded 
use of eq. S1; however, reliable k.,. values = 900 + 
200 s! and R.x values (= PaPo Al Kay.) =314+ 
4.6 s' are obtained for this residue by using 
eq. S2 (Fig. 1C). By using p, = 97.5% determined 
above, we calculated Aw for W179 to be 2.8 + 
0.9 parts per million (ppm) (Table 1). 

On the basis of the many apo PTP1B crystal 
structures (23), we hypothesized that the major 
solution conformer is an open WPD loop with a 
minor population of closed WPD loop, supported 
by an apo closed crystal structure [Protein Data 
Bank (PDB) code 1SUG (24)] with a closed ac- 
tive site loop. This interconversion between open 
and closed conformations means that k¢ repre- 
sents the rate for loop closure and k, the rate for 
loop opening. Support for this hypothesis comes 
from measurements of the chemical shift differ- 
ences between the open and closed WPD loop, 
which were determined by direct measurement 


P-loop 


K ssiysi ( Pi 


(light gray) and closed (blue) WPD loops of PTP1B. Vanadate (spheres) binds in 

the P-loop (orange), with C215 and R221 (16) in stick rendering. Movement of D181 is indicated by 
dashed lines. (C) Superposition of closed loops for PTP1B and YopH. The three catalytic residues are 
shown in stick rendering. (D) PTP catalytic reaction of cleavage and hydrolysis. PDB accession numbers for 


(A) are 2142 and 3180. 
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(Ad\.,s) (materials and methods) of the differ- 
ences in open and closed shifts for the apo and 
peptide bound (vide infra) enzyme. Moreover, 
the difference (AdN.) between calculated shifts 
for the closed conformation based on the crystal 
structure and the measured shifts for the open 
conformation was determined. These Aw, ABN vas? 
and A8Q,, values are nearly identical for F182, 
A189, and similarly for W179, whose bound 
resonance disappears; Am and A$‘), are within 
error (Fig. 3, A and B, fig. S3A, and Table 1). 
The agreement between these shifts supports the 
hypothesis that the apo loop converts between a 
predominantly open conformation with a minor 
closed state and indicates that the WPD loop in 
apo PTP1B closes (kelose = Ap = 22 + 5 s?) with a 
rate constant very similar to its Kejcavage Value of 
25 to 80 s | (see methods) suggesting that, if the 


enzyme maintained these motions in the substrate- 
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bound state, loop closure occurs simultaneously 
with protonation of the leaving group substrate. 
Distinct from PTP1B, YopH is over an order 
of magnitude faster in its enzymatic reaction. 
WPD loop resonances for T358, A359, V360, 
and $361 were assigned (fig. S4A). In contrast to 
PTPIB, YopH '°N-CPMG and '°N-R,, disper- 
sion curves are flat (fig. S4, B and C) indicating 
loop motions > 30,000 s'. To detect these faster 
motions, we modified a 'H-R 1p experiment (25) 
for transverse relaxation-optimized spectroscopy 
(TROSY) detection (fig. S5) and applied it to 
YopH. In Fig. 2, D and E, dispersion is observed 
for loop residues A359 and $361 with global 
kex = 43,000 + 6200 s '. T358 is overlapped, 
and V360 had too low signal-to-noise for quan- 
titation. Like PTP1B, our hypothesis is that the 
WPD loop moves between open and closed con- 
formations, which is supported by the similarity 


PTP1B 


A189 600 MHz 
A189 800 MHz 
F182 600 MHz 


=] 
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Fig. 2. NMR-detected motions. Open and closed PTP1B and YopH WPD loops (A). (B and C) The **N-CPMG 
dispersion curves for A189, F182, and W179. (D) TROSY-detected off-resonance HR, dispersion curves for 
A359 (blue) and $361 (red). Error bars indicate standard errors determined from duplicate measurements. 


Table 1. Summary of WPD loop motions. Open/closed loop equilibrium 
values are derived from Ponen/Petosea: The +5N Aw values were determined 
from fits to relaxation dispersion data; *°N AS,aic values were determined 


peptide bound enzyme. 
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in ASN, and ASN, '°N chemical shifts for A359 
and S361 (Fig. 3, C and D) and for T358 and 
V360 (fig. S3, B and C). 

The motion of the apo YopH WPD loop is 
in the fast exchange limit, and therefore other 
methods are needed to extract Aw and popula- 
tions from these data because they appear as 


the product, p,p,Am* in Eq. 1 


Aw*p APB Rex 
we + ke 


Rjy/sin’@ = (RS Ri) 4 (1) 


To circumvent this limitation, we measured 
the '°N-R., values (Rex = PaP Aer /Kex) from a 
SN’ TROSY Hahn-echo experiment (26) (fig. S6) 
(for details, see supplementary materials) and used 
the measured k., and ABN os as a proxy for Aw 
to give pz = 97%. A loop-closing rate, Kelose = 
1240 + 280 s' (Table 1), was calculated for YopH, 
which is about 1.7-fold greater than its ‘.., value 
and similar to Kejeayage (1400 s| to 2000 s), sug- 
gesting that, like PTP1B, there is intimate in- 
volvement of WPD loop closure in the step of 
py cleavage. Thus, for two enzymes with very 
different catalytic rates and identical chemical 
mechanisms, active-site loop motion in the apo 
enzyme is tuned to approximate the overall cleav- 
age rate in each. Because the WPD loop must 
be closed for chemistry to occur, loop closing on 
the proper time scale will facilitate the chemical 
reaction. 

We formed the complex between PTP1B and 
an octamer peptide, Ac-DADEXLIP-NH) (/6) 
(fig. S2A) derived from EGF receptor, where X is 
difluoromethylphosphono-phenylalanine, a non- 
cleavable phosphotyrosine mimic. The inhibition 
constant value of the peptide (high nM, low 1M) 
is similar to the substrate Michaelis constant, in- 
dicating that DADEXLIP behaves as a good sub- 
strate mimic (27). In PTP1B, F182 is significantly 
exchange-broadened in the peptide-bound form, 
and the resonance for W179 disappears, prevent- 
ing further analysis. Both observations indicate 
a change in loop motions. The '"N-CPMG dis- 
persion curves at 600 and 800 MHz for A189 
in peptide-bound PTP1B are noticeably differ- 
ent from apo PTP1B and display pronounced 
oscillation at low CPMG pulsing frequencies, 
characteristic of slow conformational exchange 


with ShiftX2 as described in the methods; and *°N ASmeas Values were de- 
termined from differences in measured chemical shifts between apo and 


Enzyme Kex (s*) Keose (s*) Kopen (s*) Keq SN Aw (ppm) *N Abate (ppm) *N ASmeas (ppm) 
PTP1B apo 920 + 190 2245 890 + 190 40 A189: 3.8 + 0.6 A189: 3.7 + 0.2 A189: 3.87 
F182: 3.4 + 1.3 F182: 4.9 + 1.0 F182: 3.60 
W179: 2.8 + 0.9 W179: 1.9 + 0.5 W179: Not determined 
PTP1B/peptide 35:25 30+4 4541 0.15 A189: 3.2 + 0.3 A189: 3.7 + 0.2 A189: 3.87 
YopH apo 43,000 + 6200 1240 + 200 42,000 + 6000 34 Not determined A359: 3.4 + 0.4 A359: 3.82 
$361: 6.4 + 1.2 $361: 3.96 
YopH/peptide 1790 + 240 1770 + 240 18 +2 0.01 A359: 3.5 + 0.4 A359: 3.4 + 0.4 A359: 3.82 
$361: 4.5 + 0.8 $361: 6.4 + 1.2 $361: 3.96 
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(Fig. 4A and eq. S3). The A189 Aw = 1210 + 
130 s! (3.2 + 0.3 ppm) is identical to that 
determined in ligand-free PTP1B (Table 1). The 
equivalence of Aw for apo and peptide-bound 
PTP1B is additional evidence that when substrate 
occupies the active site, the WPD loop inter- 
converts between major closed and minor open 
conformations. Further support for this hypoth- 
esis comes from a PTP1B ligand-bound crystal 
structure [3EB1 (28)] in which the WPD loop 
is open, unlike the majority of other bound 
structures. From these data, we obtain a kejose = 
304457 and Kopen = 5+ 1 s !. Thus, loop closure 
is the same in apo and peptide-bound PTP1B; 
peptide binding only slows loop opening. The 
similarity of Ketose and Keteavage along with KIE 
data (/7, 18) indicating leaving group protona- 
tion in the transition state suggests that protona- 
tion of the tyrosine occurs concomitantly with 
loop closure with the proton being delivered by 
D181 on the WPD loop. Cleavage of phospho- 
tyrosine is followed by hydrolysis of the phospho- 
enzyme intermediate, which occurs somewhat 
slower. These NMR data suggest that closing 
of the WPD loop occurs in close connection with 
the chemistry of phosphate cleavage and plays 
an important regulatory role in the overall cat- 
alytic cycle. 

For YopH bound to peptide, loop motion slows 
substantially such that the '"N-CPMG dispersion 
experiment can now be used for characteriza- 
tion, in contrast to apo YopH (Fig. 4B). Global 
fits of eq. S1 to the dispersion data in Fig. 4B 
gives Aw values for A359 and $361 of 1350 + 
150s ' 3.5 ppm) and 1730 + 290 s | (4.5 ppm), 
which are similar to the apo Aa, ABN once and 
AS}, values, as they are in PTP1B, indicating 
interconversion between open and closed con- 
formations (Table 1). For the YopH loop, x is 
1790 + 240 s! and Pa is 99%, to give ketose = 
1770 + 240 s! and kopen = 18 + 2 s'. Like 
PTP1B, peptide binding to YopH only slows loop 
opening. Thus, in this faster enzyme Agose and 
Keteavage are Similar, again suggesting that loop 
closure is concerted with protonation of the 
leaving group tyrosine as part of the cleavage re- 
action. Unlike the apo and peptide-bound en- 
zymes, the product state mimic, tungstate, 
dissociates from PTB1B and YopH with identical 
rate constants (fig. S7 and methods). Thus, once 
cleavage and hydrolysis are complete, release of 
product is the same for both enzymes. 

These NMR results for YopH are different 
than observed by other techniques. For apo YopH, 
Trp fluorescence anisotropy and temperature- 
jump (T-jump) fluorescent experiments suggest 
loop kinetics ranging from 3 ns to 3 Us, respec- 
tively (29, 30). The former value is consistent 
with molecular dynamics simulations (3/) indi- 
cating conformational motion between open and 
partially closed states, unlike our data that show 
opening and closing times, similar to T-jump exper- 
iments, of 22 us between open and fully closed 
conformations. Those fluorescence experiments, 
however, only report on the indole side chain of 
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W179, whereas our NMR data pertain to the motion 
of the backbone and therefore are more closely 
connected to the motion of the entire loop. Com- 
parison of YopH loop motion in the bound con- 
formation to other studies is more difficult. We used 
a peptide, whereas the previous T-jump experiment 
exploits the fluorescence from p-nitrocatechol 
sulfate; the differences in ligand choice may ex- 
plain the 50-fold difference in observed loop 
kinetics in the respective complexes. For PTP1B, 
there are no available data for comparison. 

The data presented for this pair of phospha- 
tases suggest that the tuning of loop motion is 
closely synchronized with the chemical reaction 
of phosphotryosine cleavage. During the femto- 
second bond-making and -breaking steps of the 
enzyme reaction, the WPD loop is static on the 
time scale observable by NMR. However, our 
NMR experiments do suggest a contiguous en- 
ergy landscape for loop motion and catalytic ac- 
tivity and that loop closure is closely coupled to 
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the protonation of the tyrosine leaving group. 
Additionally, the nature of the occupancy of the 
active site modulates the WPD loop kinetics and 
is consistent with the dynamic energy landscape 
hypothesis of enzyme function (3). 

A myriad of crucial biological pathways are 
regulated by posttranslational protein phospho- 
rylation levels. Remarkably, our NMR data for 
these phophatases suggest that phosphorylation 
levels can be modulated through control of WPD 
loop kinetics. The additional Pro residues in the 
PTP1B loop are potentially responsible for the 
slower motions. Slower PTP1B loop motions like- 
ly reflect the physiological role of PTP1B as a 
tight regulator of cellular processes, in which its 
turnover rate must meet the strict growth require- 
ments of the cell. In contrast, the faster loop mo- 
tion and enzymatic activity in YopH would be 
beneficial for the rapid disruption of normal cel- 
lular pathways that enable this enzyme to partic- 
ipate in and facilitate Yersinia infection. 
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Fig. 4. NMR-detected motions. The *°N-CPMG dispersion analyses for peptide-bound PTP1B (A) and 
YopH (B). (A) shows a global fit at 800 and 600 MHz for A189. (B) shows a global fit at 800 (red) and 


600 (blue) MHz for A359 and S361 in YopH. 
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Cyclic GMP-AMP Synthase Is an 
Innate Immune Sensor of HIV 
and Other Retroviruses 


Daxing Gao,” Jiaxi Wu,’ You-Tong Wu,? Fenghe Du,”’? Chukwuemika Aroh,?4 


Nan Yan,>* Lijun Sun,” Zhijian J. Chen?2* 


Retroviruses, including HIV, can activate innate immune responses, but the host sensors for retroviruses are 
largely unknown. Here we show that HIV infection activates cyclic guanosine monophosphate—adenosine 
monophosphate (cGAMP) synthase (cGAS) to produce cGAMP, which binds to and activates the adaptor 
protein STING to induce type | interferons and other cytokines. Inhibitors of HIV reverse transcriptase, but 
not integrase, abrogated interferon-B induction by the virus, suggesting that the reverse-transcribed HIV 
DNA triggers the innate immune response. Knockout or knockdown of cGAS in mouse or human cell lines 
blocked cytokine induction by HIV, murine leukemia virus, and simian immunodeficiency virus. These 
results indicate that cGAS is an innate immune sensor of HIV and other retroviruses. 


Ithough tremendous advances have been 

made in our understanding of innate im- 

mune recognition of many microbial path- 
ogens (/—3), relatively little is known about innate 
immune responses against retroviral infections 
(4). Retroviruses were thought to trigger weak or 
no innate immune responses, which were typi- 
cally measured through the production of inflam- 
matory cytokines and type I interferons. However, 
recent research has shown that retroviruses such 
as HIV can trigger innate immune responses, 
which are normally masked by viral or host fac- 
tors (5—8). For example, TREX] is a cytosolic 
exonuclease that degrades DNA derived from 
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HIV or endogenous retroelements, thereby pre- 
venting the accumulation of cytosolic DNA, which 
would otherwise trigger innate immunity (9, /0). 
Loss-of-function mutations of TREX1 in humans 
have been closely linked to Aicardi-Goutiéres 
syndrome (AGS), a lupus-like disease character- 
ized by elevated expression of inflammatory cyto- 
kines and interferon-stimulated genes (//). 

We have recently identified the enzyme cyclic 
guanosine monophosphate—adenosine monophos- 
phate (CGAMP) synthase (cGAS) as a cytosolic 
DNA sensor that triggers the production of type I 
interferons and other cytokines (/2, 13). DNA 
binds and activates cGAS, which catalyzes the 
synthesis of a cGAMP isomer from adenosine 
triphosphate (ATP) and guanosine triphosphate 
(GTP). This cCGAMP isomer, termed 2'3’-cGAMP, 
which contains both 2'-5’ and 3'-5’ phosphodiester 
linkages, functions as a second messenger that 
binds and activates the endoplasmic reticulum pro- 
tein STING (/4—17). STING then activates the 
protein kinases IxB kinase (IKK) and TANK- 
binding kinase 1 (TBK1), which in turn activate 
the transcription factors nuclear factor kB (NF-«B) 


and interferon regulatory factor 3 (IRF3) to in- 
duce interferons and other cytokines (78). Knock- 
down of cGAS inhibits interferon-8 (IFN-B) 
induction by DNA viruses such as herpes sim- 
plex virus 1 (HSV-1) and vaccinia virus (/3). Be- 
cause retroviruses generate complementary DNA 
from the viral RNA by reverse transcription, we 
hypothesized that cGAS might detect retroviral 
DNA and trigger innate immune responses. 

We used a single-round HIV-1 virus in which 
its envelope protein was replaced with the glyco- 
protein of vesicular stomatitis virus (VSV-G), which 
allows it to infect a large variety of human and 
mouse cell types (9). This virus also expresses 
green fluorescent protein (GFP), which can be 
used to monitor viral infection. Infection of the 
human monocytic cell line THP1 with HIV-GFP 
led to dimerization of IRF3 (fig. S1A), a hallmark 
of its activation. Phosphorylation of STATI at 
Tyr-701 was also detected after HIV infection 
(fig. SLA), indicating that the interferon signaling 
pathway was activated in the virus-infected cells 
(79). HIV infection led to the induction of IFN-B 
and the chemokine CXCL10 (fig. S1B), concom- 
itant with the generation of the HIV Gag episomal 
DNA (fig. SIC). The levels of IFN-B production 
were proportional to the multiplicity of infection 
by HIV (fig. S1D). Treatment of HIV-GFP virus 
with DNase I did not impair its ability to induce 
IFN-8 (fig. SIE), whereas treatment of herring 
testis DNA (HT-DNA) with DNase I inhibited 
IFN-f induction (fig. SIF), indicating that IFN-B 
induction by HIV-GFP was not due to any con- 
taminating DNA. Differentiation of THP1 from 
monocytes to macrophages by treating the cells 
with phorbol-12-myristate-13-acetate (PMA) 
inhibited HIV-GFP infection or replication (fig. 
S1G) and strongly inhibited IFN-B induction (fig. 
S1H). Thus, unless otherwise indicated, THP1 cells 
used in our study were not treated with PMA be- 
fore HIV infection. 

To test whether reverse transcription is required 
for HIV to activate the innate immune response, 
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we treated THP1 cells with the HIV reverse tran- 
scriptase inhibitors azidothymidine (AZT) and 
nevirapine (NVP). Both inhibitors blocked IRF3 
activation and IFN-B induction by HIV (Fig. 1, A 
and B). In contrast, the HIV integrase inhibitor 
raltegravir (RAL) did not affect the activation of 
this pathway. AZT and NVP, even at high con- 
centrations, did not inhibit IFN-B induction by 
HT-DNA (fig. S2, A to C), indicating that the in- 
hibitory effects of AZT and NVP were due to their 
specific inhibition of HIV reverse transcription. 
These results suggest that the reverse-transcribed 
HIV DNA is the trigger of IRF3 activation and 
IFN-B production. 

Short-hairpin RNA (shRNA)-mediated knock- 
down of cGAS or STING in THP! cells strong- 
ly inhibited the induction of IFN-B and CXCL10 
and the activation of IRF3 by HIV-GFP (Fig. 1, C 
and D; and fig. S2, D and E). Control experiments 
showed that shRNA against luciferase did not 
inhibit the activation of the pathway and that the 
shRNA vectors knocked down the intended tar- 
gets specifically. In particular, the cGAS shRNA 
knocked down cGAS but not STING (Fig. 1D), 
and the induction of IFN-f in these cells was res- 
cued by delivering cGAMP into the cells (fig. S2F), 
indicating that the cGAS shRNA did not have 
off-target effects in the STING pathway. 

Previous studies have shown that VSV-G— 
pseudotyped HIV-1 strongly induces IFN-B in 
TREX 1-deficient mouse embryonic fibroblasts 
(MEFs) but not in the wild-type (WT) MEF (9). 
We generated Trex” MEF cell lines stably ex- 
pressing shRNA against cGAS, STING, or lucif- 
erase (as a control; fig. S3, A and B). HIV infection 
induced IFN-8 and CXCL10 RNA in the control 
cells (sh-luciferase) but not in cGAS- or STING- 
depleted cells (fig. S3, C and D). In contrast, 
knockdown of cGAS or STING did not affect the 
induction of IFN-B or CXCL10 by the double- 
stranded RNA analog poly[I:C]. 

To obtain definitive evidence for the role of 
cGAS in the innate sensing of cytosolic DNA and 
retroviruses, we employed the TALEN technol- 
ogy to disrupt the gene that encodes cGAS 
(Mb21d1); specifically, the region that encodes 
the catalytic domain, in L929 cells (see methods 
and fig. S4A) (20). Although L929 cells contain 
three copies of chromosome 9, which harbors the 
cGAS gene, DNA sequencing of the TALEN- 
expressing cells identified multiple clones that 
had deletions in all three chromosomes; three 
of these clones were chosen for further studies 
(fig. S4B). All three clones contained deletions in 
the cGAS locus that generated frameshift mu- 
tations (2/). 

All three cGAS mutant cell lines failed to ac- 
tivate IRF3 in response to HT-DNA transfection 
or HSV-1 (a double-stranded DNA virus) infec- 
tion (Fig. 2A and fig. S4C). As controls, these 
cells activated IRF3 normally in response to trans- 
fection with poly[I:C] or infection with Sendai 
virus, an RNA virus. The cGAS mutant cells were 
also defective in inducing CXCL10 in response 
to HT-DNA, but this defect was rescued by trans- 
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Fig. 1. The cGAS-STING pathway mediates innate immune responses against HIV. (A and B) 
THP1 cells were treated with the HIV reverse transcriptase inhibitors AZT and NVP (each at 5 uM) or the 
integrase inhibitor RAL (at 10 uM) for 30 min before infection with HIV-GFP. 24 hours after infection, cell 
extracts were analyzed by native gel electrophoresis or SDS—polyacrylamide gel electrophoresis, followed 
by immunoblotting with indicated antibodies (A), and total RNA was isolated for quantitative reverse 
transcription polymerase chain reaction (qRT-PCR) (B). (C and D) THP1 cells stably expressing an shRNA 
against human cGAS, STING, or luciferase (control) were infected with HIV-GFP for the indicated time, 
followed by measurement of IFN-B RNA by qRT-PCR (C) and immunoblotting with the indicated antibodies 
(D). Error bars indicate standard deviations of triplicate measurements. Unless otherwise indicated, data 
shown in this and all other figures are representative of at least two independent experiments. 
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Fig. 2. cGAS is essential for innate immune responses triggered by HIV. (A) L929 cell lines 
harboring various deletions in exon 2 of the cGAS locus were generated by TALEN (see fig. $4). These cells 
and the parental L929 cells were infected with HSV-1 or Sendai virus (SeV), followed by measurement of 
IRF3 dimerization. (B) L929 cGAS knockout clone 18 and parental L929 cells were stably transfected with 
shRNA vector targeting TREX1 or luciferase (as a control). These cells were infected with HIV-GFP for 20 hours, 
followed by an IRF3 dimerization assay. (C and D) Similar to (B) except that RNA levels of IFN-B (C) and 
CXCL10 (D) were measured by gRT-PCR. As a control, some cells were also infected with Sendai virus for 
12 hours. The error bars indicate standard deviations of triplicate measurements. N.D., nondetectable. 
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fecting the cells with the mouse cGAS expression 
plasmid (fig. S4D). 

We chose cGAS mutant clone 18 and the pa- 
rental L929 cells to investigate the role of cGAS 
in innate immune recognition of HIV infection. 
In L929 cells stably expressing an shRNA against 
TREX1, but not the control luciferase, HIV-GFP 
infection induced IRF3 dimerization and the pro- 
duction of IFN-B and CXCL10 (Fig. 2, B to D; 
and fig. S4, E and F). In contrast, the L929 cGAS 
mutant cells failed to mount any detectable im- 
mune response to HIV infection even when TREX1 
was depleted, demonstrating the essential role of 
cGAS in immune responses against HIV. The de- 
pletion of cGAS did not affect IFN-B or CXCL10 
induction by Sendai virus (Fig. 2, C and D). 

We have previously shown that HEK293T 
cells do not express detectable levels of cGAS and 
STING and thus fail to activate IRF3 in response 
to DNA transfection or DNA virus infection (/3). 
Consistent with an important role of cGAS and 


STING in retrovirus detection, HIV-GFP infec- 
tion activated IRF3 and STAT1 in THP1 but not 
HEK293T cells (fig. SSA). In contrast, Sendai 
virus activated IRF3 and STAT] in both cell lines. 
To determine whether HIV infection leads to the 
production of endogenous cGAMP in human cells, 
we prepared lysates from HIV-infected THP1 and 
HEK293T cells and heated the lysates at 95°C to 
denature most proteins, which were removed by 
centrifugation (/2). The supernatant that poten- 
tially contained cGAMP was delivered to THP1 
cells that had been permeabilized with the bac- 
terial toxin perfringolysin-O (PFO), and then IRF3 
dimerization was assayed by native gel electro- 
phoresis (fig. SSB). The heat-resistant superna- 
tant from HIV-infected THP1, but not HEK293T, 
cells contained the cGAMP activity that stimulated 
IRF3 activation in the recipient cells. Further- 
more, inhibition of HIV reverse transcription by 
AZT, DDI (didanosine), or NVP blocked the gen- 
eration of the cGAMP activity, whereas the HIV 
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integrase inhibitor RAL had no effect (Fig. 3A). 
HIV-GFP infection in L929-shTrex1 cells also led 
to generation of the cGAMP activity, which was 
dependent on cGAS (Fig. 3B). Taken together, 
these results indicate that HIV infection induces the 
production of endogenous cGAMP in a manner 
that depends on cGAS and the reverse transcrip- 
tion of HIV RNA to cDNA. 

To test whether HIV infection produces retro- 
viral cDNA in the cytoplasm to activate cGAS, 
we infected HEK293T cells with HIV-GFP and 
prepared cytosolic extracts that were then incu- 
bated with purified cGAS protein in the presence 
of ATP and GTP (fig. SSC). Cytosolic extracts from 
HIV-infected cells, but not from uninfected cells, 
were able to stimulate cGAS to produce the cGAMP 
activity that activated IRF3 in permeabilized THP1 
cells. Treatment of HEK293T cells with AZT inhib- 
ited the generation of the cGAS stimulatory activity. 
Further analyses showed that the cytoplasm of 
HIV-infected cells contained the HIV Gag DNA 
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Fig. 3. HIV infection induces the production of cyclic GMP-AMP in 
human cells. (A) THP1 cells were treated with inhibitors of HIV reverse 
transcriptase (AZT, DDI, and NVP) or integrase (RAL) before infection with HIV- 
GFP for 24 hours. Cell extracts were prepared for native gel electrophoresis to 
detect endogenous IRF3 dimer (top panel). Aliquots of the cell extracts were 
treated at 95°C for 5 min to denature proteins, which were subsequently 
removed by centrifugation. The cGAMP activity in the supernatant was measured 
after its delivery into PFO-permeabilized THP1 cells, followed by IRF3 dimer- 
ization assay (bottom panel). (B) L929 cGAS knockout clone 18 and the parental 
cells, both stably expressing an shRNA against TREX1, were infected with HIV-GFP 
for 22 hours. Endogenous IRF3 activation and cGAMP production in the cells 
were measured as described in (A). (C) The heat-resistant supernatants from 
THP-1 cells without (mock) or with HIV-GFP infection were fractionated by high- 


www.sciencemag.org SCIENCE VOL 341 


performance liquid chromatography using a C18 column, and the abundance of 
cGAMP was quantitated by mass spectrometry using SRM. (D) Comparison of 
the tandem mass spectrometry spectra of cGAMP isolated from HIV-infected 
THP-1 cells and that synthesized in vitro by recombinant human cGAS protein. 
Higher-energy collision dissociation (HCD) was used to fragment the precursor ion 
([M+H]* = 675.107,) and normalized collision energy was set at 25. (E) MDMs 
or MDDCs from a human donor were either untreated or treated with Vpx-VLP 
for 24 hours before infection with HIV. MDMs were infected with HIV-Bal for 
3 days, whereas MDDCs were infected with HIV-GFP for 1 day. The cGAMP activity 
in these cells was measured as described in (A). Fluorescence-activated cell 
sorting analysis of HIV infection and measurement of cGAMP abundance by 
mass spectrometry are shown in fig. S6. The data are representative of three 
independent experiments involving three human donors. 
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(fig. SSD) and GFP protein (fig. SSE), both of 
which were inhibited by AZT. 

Quantitative measurement of cGAMP abun- 
dance by mass spectrometry using selective re- 
action monitoring (SRM) provided the direct 
evidence that cGAMP was produced in HIV- 
infected, but not mock-treated, THP1 cells (Fig. 
3C). Tandem mass spectrometry of the endoge- 
nous cGAMP from HIV-infected THP1 cells re- 
vealed that it was identical to the cGAS product, 
2'3'-cGAMP (Fig. 3D) (/5). 

To test whether HIV infection in primary hu- 
man immune cells leads to cGAMP production, 
we infected monocyte-derived macrophages 
(MDMs) and monocyte-derived dendritic cells 
(MDDCs) with the clinical HIV-1 isolate HIV-BaL 
and HIV-GFP, respectively. Previous research has 
shown that human macrophages and dendritic 
cells express SAMHD1, a nuclease that hydrolyzes 
dNTP, thereby inhibiting HIV reverse transcrip- 
tion (7, 8). HIV-2 and simian immunodeficiency 
virus (SIV) contain the protein Vpx, which targets 
SAMHD1 for ubiquitin-mediated proteasomal 
degradation, thus removing this host restriction 
factor. To facilitate HIV infections in human 
MDMs and MDDCs, we delivered the SIV Vpx 
into these cells using a virus-like particle (VLP) 
before HIV infection (fig. S6, A, B, and D) (6). In 
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the presence of Vpx, infection of MDMs and 
MDDCs with HIV-BaL and HIV-GFP, respec- 
tively, led to the generation of cGAMP activity 
(Fig. 3E). Quantitative mass spectrometry anal- 
ysis further confirmed the production of 2'3’- 
cGAMP in HIV-infected MDDCs that expressed 
Vpx (fig. S6C). The cGAMP activity was con- 
sistently observed in MDDCs and MDMs of 
additional human donors, and this activity was 
higher in the cells infected with HIV than in those 
treated with Vpx alone (fig. S6, D to F). These 
results demonstrate that HIV infection in human 
macrophages and dendritic cells leads to the gen- 
eration of cGAMP under conditions that are per- 
missive to viral replication. 

Finally, we tested whether cGAS is required 
for innate immune responses against other retro- 
viruses by infecting L929 and L929-cGAS knock- 
out cell lines with murine leukemia virus (MLV) 
and SIV. Similar to HIV, MLV and SIV induced 
IFN-B and CXCL10 RNA in L929 cells depleted 
of endogenous TREX1, but such induction was 
completely abolished in the cGAS knockout cells 
(Fig. 4A-4D). In further support of an essential 
role of the cGAS-STING pathway in innate im- 
mune sensing of retroviruses, knockdown of cGAS 
or STING in Trex’ MEF cells strongly inhibited 
IFN-B induction by MLV and SIV (fig. S7, A to D). 
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Fig. 4. MLV and SIV activate innate immune responses through cGAS. (A and B) L929 cGAS 
knockout (KO) clone 18 and the parental L929 cells stably expressing shRNA against TREX1 or luciferase 
(control) were infected with MLV-GFP [multiplicity of infection (MOI) = 2] for 20 hours, followed by 
measurement of IFN-B (A) and CXCL10 (B) RNA by qRT-PCR. (C and D) Similar to (A) and (B), except that 
cells were infected with SIV-GFP (MOI = 1.5) for 20 hours. 
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Here we have demonstrated that cGAS is es- 
sential for innate immune responses against HIV, 
SIV, and MLV, suggesting that cGAS is a general 
innate immune sensor of retroviral DNA. Although 
HIV primarily infects human CD4 T cells, it can 
also enter macrophages and dendritic cells, nor- 
mally without triggering an overt innate immune 
response by concealing the viral nucleic acids 
within the capsid and by limiting the accumula- 
tion of viral DNA through co-opting host factors 
such as TREX1 and SAMHDI1 (8). The absence 
of a rigorous innate immune response to HIV in 
dendritic cells is thought to be a major factor that 
hampers productive T cell responses and vaccine 
development (7). Our finding that HIV and other 
retroviruses can induce the production of cGAMP 
through cGAS under permissive conditions sug- 
gests that cCGAMP might be used to bypass the 
block of innate immune responses against HIV. 
As such, cGAMP could be a candidate vaccine ad- 
juvant for HIV and other pathogens that are adept 
at subverting the host innate immune system. 
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vide better insight of neuronal network function and capture more data 
points per experiment. This new system extends the precision and qual- 
ity of the existing Axon Digitizer platform to include a higher sampling 
rate to monitor rapid responders, combined with enhanced performance 
in low-noise, high resolution 16-bit data acquisition. The Digidata 1550 
Digitizer features eight independent analog output channels to simultane- 
ously send command waveforms to multiple cells at one time, essential for 
higher throughput toxicology experiments or to study synaptic function 
in complex neuronal networks. Combined with a sampling rate of up to 
500 kHz per channel, the Digidata 1550 Digitizer allows researchers to 
gather more data points in demanding experiments such as nanopore and 
bilayer studies. 

Molecular Devices 

For info: 800-635-5577 | www.moleculardevices.com/digidata 


MICROSCOPY DATA ANALYSIS 

Focusing on ease of use for routine applications, the latest cellSens software 
release, version 1.8, offers flexible and user-centric imaging, processing, 
analysing, and reporting. New and enhanced functions include a fully cus- 
tomizable user interface, precise frame-by-frame sample navigation, and 
easy one-button switching between wells. For a wide range of life science 
applications, cellSens provides easy control of the workflow. The software 
binds together Olympus frames, cameras, and high-quality optics to form 
complete, highly precise, and user-friendly microscopy systems. The new 
‘My Functions’ window allows users to build their own personal interface 
by selecting and freely grouping software commands and icons according 
to individual needs. In addition, the creation of flexible workflow toolbars 
facilitates repetitive operations. The ability to display only the functions 
needed on the toolbar and to group common operations in a single tab, ena- 
bles quick and easy access to the most frequently used tasks while providing 
a display free from clutter and confusion. 

Olympus 

For info: +49-40-23773-5913 | www.microscopy.olympus.eu 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 


www.sciencemag.org/products 
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WEBINAR 


Unearthing Hidden Genomic 
Data in Solid Tumor Samples 


Are Your FFPE Samples 
Revealing All? 


Wednesday, September 18, 2013 


12 noon Eastern, 9 a.m. Pacific, 5 p.m. UK, 6 p.m. Central Europe 


Cancer is a highly complex disease that can encompass multiple genomic Speakers 
alterations in the progression from normal to diseased cell. Recent studies point : 

to the significance of copy number aberrations in the etiology of cancer, with the 
number and complexity of these aberrations being indicative of overall prognosis. 
Additionally, the detection and characterization of subclones is also understood 
to be important for understanding clonal evolution of the cancer and thus patient 
monitoring and treatment decisions. Genome-wide copy number analysis is 
a powerful means to understand the genetic basis of solid tumors. With the 
majority of solid tumors typically stored as formalin-fixed, paraffin-embedded 
(FFPE) tissue, retrospectively analyzing these samples with available outcome 
data is a cost-effective route to prognostic and predictive biomarker discovery. 
Our expert panel will describe their research and discoveries, and how they 
have overcome the significant challenges of extracting copy number data from 
often degraded, heterogeneous FFPE samples. 


Sarah South, Ph.D. 
ARUP Laboratories 
Salt Lake City, UT 


Torsten Pietsch, M.D. 


University of Bonn Medical 
Center 


Bonn, Germany 


During the webinar, the speakers will: 
+ Describe how their experimental approaches are expanding our 
understanding of the genetic basis of solid tumors 


* Address some of the technical difficulties of working with FFPE samples REG ISTER NOW! 
webinar.sciencemag.org 


* Discuss the potential implications of their findings in terms of diagnosing, 
classifying, and treating patients in the future 


+ Answer your questions live on air! 


Brought to you by the 
Science/AAAS Custom 


Publishing Office 
Webinar sponsored by 


% affymetnix esieiics 


Biology for a better world AY AAAS 


You’ve carefully 
designed your 
experiment. 


@ 


Taylor Ngo,started at CST 8 
years ago and is currently in 
the Molecular Biology group. 


Does your antibody measure up? 


We validate all our antibodies in-house. If it's not specific, it doesn’t ship. 


APPROVED 

Clean Band 
Extra Band Strong Signal 
Weak Signal 


- + Torin IP 


: TFEB Antibody #4240: (A) WB analysis of Raji cell extracts, 
A YAFR(@ DIP esi AUeay- D2! untreated (-) or Torin1-treated, using #4240 (Torin1 treatment induces 
t:\a0o g sachs STH dephosphorylation). (B) IP of TFEB from COLO 205 cells using #4240 
amped (lane 2) or Normal Rabbit IgG #2729 (lane 3). Lane 1 is 10% input. 
WB analysis of various cell extracts using two development samples at 1:1000 dilution. GAPDH 
(D16H11) XP® Rabbit mAb #5174 was used as a loading control. 


Please visit our website to request a copy of our new white paper — A Guide to Successful Western Blotting. 


ia Cell Signaling 


TECHNOLOGY® 


ees cellsignal.com/successfulWB 


© 2013 Cell Signaling Technology, Inc. Cell Signaling Technology” and XP® are trademarks of Cell Signaling Technology, Inc 
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POSITIONS OPEN 


POSTDOCTORAL FELLOW POSITIONS 
Translational Neuroscience/Optogenetics 
University of Pittsburgh 


Postdoctoral fellow positions are available in the 
Ahmari laboratory in the Departments of Psychiatry 
and Neurobiology at the University of Pittsburgh. The 
successful candidate(s) will become part of a large, mul- 
tidisciplinary neuroscience community, and will have am- 
ple opportunities for collaboration. These positions are 
supported by a Burroughs Wellcome Fund Career Award 
and NIMH grants with goals of discovering the mo- 
lecular, cellular, and circuit abnormalities underlying 
OCD and anxiety disorders (see website: http://www. 
sciencemag.org/content/340/6137/1234.long). 
Projects will require integration of multiple advanced 
techniques for the analysis and manipulation of neural 
circuits, including optogenetics, in vivo electrophysiol- 
ogy, in vivo microscopy, viral tract tracing, and rodent 
behavioral analysis. 

The successful candidate(s) should meet the follow- 
ing qualifications: Ph.D. in Neuroscience, Cell Biology/ 
Physiology, Bioengineering, or related field, with a track 
record of productivity and innovation; Solid background 
and hands-on experience in optogenetics, electrophys- 
iology, and computational analysis methods is a plus; 
Experience using genetic and molecular tools to study 
the nervous system, preferably with behavioral experi- 
ence in rodents; Creative thinking skills and command 
of the neuroscience literature; and Ability to work col- 
laboratively with excellent communication skills. 

For more information/application please contact 
Susanne Ahmari at e-mail: sahmari@pitt.edu. Appli- 
cations should include curriculum vitae and names/ 
contact information of three professional references. 


HARVARD 


MEDICAL SCHOOL 


OPPORTUNITIES FOR INFORMATICS 
Research at Harvard Medical School 

The Biomedical Informatics Research Training (BIRT) 
Program is a consortium of leading informatics labo- 
ratories at Harvard. It is supported by a grant from 
the National Library of Medicine, National Institutes 
of Health. For United States citizens and permanent 
residents, this postdoctoral fellowship provides stipend, 
tuition, and travel funds. Selected fellows are provided 
with many opportunities for training, research, inter- 
action, and collaboration. All fellows also pursue the 
two-year Harvard Medical School Biomedical Infor- 
matics MMSc. 

The MMSc is a postdoctoral degree program that 
consists of course work and mentored research. Fel- 
lows in our program choose from one of four possible 
tracks: Clinical Informatics; Population Health Infor- 
matics; Imaging Informatics; and Bioinformatics. 

To learn more, visit website: informaticstraining. 
hms.harvard.edu/. 

In addition to the BIRT program, the Center for 
Biomedical Informatics (CBMI) offers a number of 
other training and research opportunities. 

For more information about our programs, contact 
Katherine Flannery, Program Manager, CBMI, at 
e-mail: katherine_flannery@hms.harvard.edu. 


The Santa Fe Institute’s Omidyar POSTDOCTOR- 
AL FELLOWSHIP offers you transdisciplinary col- 
laboration with leading researchers worldwide, up to 
three years in residence in Santa Fe, New Mexico. Re- 
search and collaboration funds, competitive salary, and 
generous benefits. A leadership training program and 
unparalleled intellectual freedom. For details and to 
apply, please visit our website: http: //www.santafe. 
edu/ofellowship. 


POSITIONS OPEN 


Yale University 
School of Medicine 


POSTDOCTORAL or RESEARCH ASSOCIATE: 
Cell Biology. Position available in the laboratory of 
Dr. Stephen G. Waxman at the Department of Neu- 
rology and the Center for Neuroscience and Regener- 
ation Research, Yale University School of Medicine. 

Superb opportunity to join a multidisciplinary re- 
search group to study the pathophysiology of axonal 
degeneration and the cellular and molecular mecha- 
nisms that mediate pain and axonal degeneration after 
injury, with focused attention on the contributions of 
sodium channels. Ongoing work utilizes in vitro and 
in vivo models of axonal injury. 

Candidates should have a strong publication record 
and intensive training in general molecular and cell bi- 
ology methods, quantitative morphometric analysis, and 
cellular imaging techniques. 

More information can be found on Yale website: 
http://medicine.yale.edu/cnrr/index.aspx. 

Applicants should send curriculum vitae and a list of 
references to e-mail: stephen.waxman@yale.edu. 


SIE FOUNDATION POSTDOCTORAL 
FELLOWSHIP 


The University of Colorado-Boulder, the BioFrontiers 
Institute, and the Linda Crnic Institute for Down Syn- 
drome seek courageous and innovative postdoctoral 
fellows to ameliorate cognitive, cardiovascular, neuro- 
degenerative or other ill effects of trisomy 21 in affected 
children. Possible approaches include working with 
people with Down syndrome, mouse or other animal 
models of Down syndrome, or cell lines trisomic for 
chromosome 21. This should be considered an oppor- 
tunity to apply modern techniques, such as next gen- 
eration sequencing, induced pluripotent stem cells, or 
advanced techniques in proteomics, to aid in understand- 
ing a very complex syndrome coming from a known but 
poorly understood genetic alteration, an extra copy of 
the smallest human chromosome. 

Sie Fellows may work in any laboratory on the Boulder 
campus, and will interact with the entire Boulder bio- 
science community and with Dr. Tom Blumenthal and 
colleagues at the Crnic Institute at the CU Anschutz 
Medical Campus in Denver. Sie Fellows will be awarded 
salaries of $55,000 to $70,000, depending on field, ex- 
perience, and qualifications, as well as substantial research 
budgets, and will be encouraged to take the project 
with them when they start their independent faculty 
positions. 

Applicants should have a Ph.D. and/or M.D. degree 
and no more than three years of prior postdoctoral 
experience. Applications should include curriculum vitae 
and a letter describing their interest in Down syndrome 
research. Applicants should send these materials to 
Cait Mobley (e-mail: caitlin. mobley@ucdenver.edu) 
and should have three letters of recommendation sent 
directly to the same address. 


Help employers find 
you. Post your 
resume/cv. 


Science Careers 


From the journal Science A\ AAAS 


www.ScienceCareers.org 
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Postdoc and reseq rch 
OPP unities 


online @sciencecareers.org 


Science Careers 


About us 


Fifty percent of all science created in Brazil is 
produced in the State of Sao Paulo. The state hosts 
three of the most important Latin American universities: 
USP, UNICAMP and UNESP. Other universities and 
19 research institutes are also located in Sdo Paulo, 
among them the renowned Instituto Tecnolégico de 
Aerondutica (ITA), Instituto Nacional de Pesquisas 
Espaciais (INPE) and Laboratério Nacional de Luz 
Sincrotron, besides most of Brazilian Industrial P&D. 


O 


The Sdo Paulo Research Foundation (FAPESP), on 
of the leading Brazilian agencies dedicated to the 
upport of research, has ongoing programs and 
upport mechanisms to bring researchers from abroad 
to excellence centers in SGo Paulo. 


S 
S 


The Young Investigators Awards is part 

of FAPESP’s strategy to strengthen the State research 
institutions, favoring the creation of new research 
groups. See more about it at www.fapesp.br/yia. 
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FAPESP Post-Doctoral Fellowship is aimed 


at distinguished researchers with a recent doctorate 
degree and a successful research track record. 
The fellowship enables the development of research Location: Sao Paulo, SP, Brazil 
within higher education and research institutions 
in SGo Paulo. Postdoc fellowships are available when pinay a ee 
mn “Nee e Rua Pio XI, 1500 - Alto da Lapa 
calls for applications are issued internationally, or as 05468-9011 
individual fellowships requested on demand. Sdo Paulo, SP — Brazil 
Phone: +55-1 1-3838-4224 
URL: www.fapesp. br 


In the first case, positions are advertised a 
www.fapesp.br/oportunidades/ and candidates 
are selected through international competition. In the 
second, the proposal must represent an addition 

to a pre-existent research group and should be 


idee 
: E50 YEARS 
“ivy RAYS 
developed in association with faculty in higher 
education and research institutions in Sdo Paulo. “APESP 


More information at www.fapesp.br/en/postdoc. SAO PAULO RESEARCH FOUNDATION 
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POSTDOC ADVANCEMENT: 


MARKETING YOUR VALUE 


The postdoctoral appointment is not only a time of exploration 
and hard work, but also a time to learn and hone critical skills 
that will enable you to move into a position of indepen- 
dent research. Skills such as leadership and management, 
teambuilding, communication, fundraising, and even 
marketing are required to advance, and one must be 
adept in all of these areas to succeed in this highly com- 
petitive economic landscape. There are multiple op- 
portunities for postdocs to not only gain these necessary 
abilities, but also demonstrate them to current and future 
employers. The key is keeping a watchful eye out for chances to 

learn and sharpen your talents and to articulate your value to decision- 
makers. By Alaina G. Levine 


= | oe Cournia is a Greek chemist 
z ’ cic who received advanced training 
abroad and desired to return to her 


r 


home nation for permanent employment 
as a researcher, After graduating with her 
Bachelor’s degree in chemistry from the 
University of Athens, she pursued her 
Ph.D. at Heidelberg University, Germany 
Yale 
University in New Haven, Connecticut. 


and postdoctoral training at 


To stay connected to her country’s 


Aydin Farajidavar 


academic community while away, she 


corresponded with her undergraduate 


“You need to mentors and asked for introductions 


to other scientists. Whenever she came 


be focused on home on holiday, she volunteered to 


the science, but give research talks at her alma mater and 


you also have to elsewhere. Pretty soon, she was receiving 
invitations from universities across the 
have a career nation to give seminars. “I may have left 


perspective in the country physically, but I never left the 


‘i Greek academic system,” she says. After 
mind. You need . ; 
five years of notable research which 


to know where included publishing, presenting, and 


you want to go.” mentoring combined with connecting 


with colleagues and lecturing activities 


See Coutnia in Greece, Cournia landed a job as an 


investigator (lecturer) in pharmacology 


Upcoming Features 


Faculty—September 13 
Top Employers Survey—October 25 


Neuroscience Careers—November 1 


pe 


Ra! 


teambuilding 
marketing 


management 


communication 


leadership 


and pharmacotechnology at the Biomedical Research Foundation 
Academy of Athens, Greece. 

“You need to be focused on the science, but you also have to have a 
career perspective in mind,” she says. “You need to know where you 
want to go.” A career plan is an important element of any scientist’s 
path, but there must be other aspects associated with it, in addition to 
significant scientific outputs, especially during these troubled economic 
times. In Cournia’s case, while continuing her research, she also gained 
skills in project and grant management, networking, marketing, and in- 
dependent leadership that ultimately helped her obtain the position at 
the academy. 

For every postdoc pining for a professorship, a good rule to fol- 
low is to use your current appointment to find and leverage oppor- 
tunities that will make you extremely attractive to potential employ- 
ers. Specifically, you have to learn and hone certain skills that hiring 
committees look for when recruiting talent. It may not always be 
easy to chip away time in your day to become a better communicator 
or to solidify your fundraising expertise, but it is necessary to gain a 
competitive advantage. 


Leadership and Management 

Becoming a thoughtful, results-oriented leader doesn’t happen 
overnight. “Managing human capital is very difficult,” says Aydin 
Farajidavar, assistant professor of electrical and computer engineer- 
ing at New York Institute of Technology (NYIT). As a postdoc at 
Georgia Institute of Technology, he was thrust into a position where 
he had to supervise students in their research group. “The first time 
I complained to my PI, he said ‘welcome to the club!’” But Farajida- 
var realized the opportunity was precious because it gave him his first 
chance to really lead the team, something which he knows has helped 
him succeed in academia. 

“As a postdoc, you are seen as a senior member of the group and 
may be called upon to make a decision or speak up,” says Natalie 
Lundsteen, assistant director, Graduate Student Career Services at 
the Massachusetts Institute of Technology (MIT) Global Education 
& Career Development. You can leverage this opportunity to 
strengthen your leadership talents. “Ask your lab continued> 


www.scienceca reers.org 


TUNndraLSsi ng 


CREDIT: (TOP) © ISTOCKPHOTO.COM/ KHALUS; (RIGHT) AYDIN FARAJIDAVAR, 


DIRECTOR OF IMS LABORATORY AT NYIT, OLD WESTBURY, NY. 


Postdoctoral Fellowships in Genomic Biology 
at the University of Illinois at Urbana-Champaign 


The Institute for Genomic Biology at the University of Illinois at Urbana-Champaign offers a number of fellowships for truly 
exceptional young scholars who have completed their Ph.D. within the last several years, and are looking for a stimulating and 
supportive interdisciplinary environment to carry out independent and collaborative research in the field of genomic biology. IGB 
Fellows will typically spend two years conducting research in one of several research themes in the Institute, and ideally this 
research will also overlap with two or more of these thematic areas. A personalized mentoring plan will be developed for each 
Fellow. Visit www.igb.illinois.edu/content/fellows-application for more information about the Institute, the research themes and 
the application procedures. Annual salary is $50,000. The closing date for all positions is December 1, 2013. Fellows will be 


announced on or about January 15, 2014. 


Biocomplexity 

We seek a postdoc with a strong quantitative background to join a multidis- 
ciplinary group exploring collective effects in biology from the genome to the 
ecosystem scale. Ongoing research addresses the emergence of life and the 
nature of evolution prior to the Last Universal Common Ancestor, the evolu- 
tion of core cellular machinery in Archaea and other domains of life, the role 
of horizontal gene transfer in shaping communities of microbes and phages, 
geomicrobiology, and the systems biology of microbes, biofilms and ecosys- 
tems. We are also developing an interest in evolutionary medicine, with special 
interest in combating the emergence of antibiotic resistance. 

(Nigel Goldenfeld, Theme Leader) 


Cellular Decision Making in Cancer 

We seek an individual with interest in quantitative biology. Our theme faculty 
members have expertise in single molecule biophysics, genomics and chemical 
biology. Building on the current strengths on cell death, antiviral signaling, stem 
cell differentiation, live cell probing of decision making and genome instability 
modeling, we aim to develop a multiple-scale narrative on how single molecule 
events in the cell are integrated into the protein networks to determine the cell 
fate. Cancer is a major focus area of research. (Taekjip Ha, Theme Leader) 


Energy Biosciences Institute 

‘The Energy Biosciences Institute (EBI) is an externally funded theme within 
the IGB. It is the largest industry/academia collaboration to date, currently 
receiving $500 million over ten years and focusing on the development of sec- 
ond-generation biofuels intended to significantly slow the rate of global climate 
change. Its research ranges from systems biology of fermentative organisms 

to quantification of ecosystem services provided by new sustainable biofuel 
crops. Other areas include development of enzymes of efficient plant biomass 
depolymerization, biofuel law and social and economic impacts. The EBI also 
has an interest in geomicrobial approaches to increasing the efficiency of oil 
extraction. The full range of research can be seen at www.energybiosciences- 
institute.org. We seek an outstanding candidate across these areas interested in 
applying genomic biology to understanding and developing opportunities for 
improving sustainable biofuel production. Research can be at any point in the 
supply chain from improving feedstocks and their environmental sustainability 
to producing fuel. The appointee will work in an interdisciplinary laboratory 
of over 100 exceptional colleagues focused on this challenge. The appointment 
would also involve collaboration with our partners: UC Berkeley, Lawrence 
Berkeley National Lab, and BP. (Isaac Cann, Theme Leader) 


Genomic Ecology of Global Change 

The Fellow will be involved in a cross-disciplinary project investigating how 
changes in networks of genes affect plant and ecosystem function when chal- 
lenged by elements of global change, including greater carbon dioxide, ozone, 
drought, temperature, disease and herbivory. The ideal candidate will have a 
strong background in plant biology and a record of expertise in molecular bi- 
ology, genomic ecology, physiology or modeling of gene networks or ecosystem 
function. The ability to work creatively and productively in a highly interdisci- 
plinary and collaborative environment is essential. (Don Ort, Theme Leader) 


Gene Networks in Neural & 
Developmental Plasticity 


We seek a biologist with strong bioinformatics skills and training in one or 
more of the following areas: gene regulation (especially relating to transcrip- 
tion factor dynamics or epigenomics), evolutionary biology, neuroscience, or 
systems biology. Applicants with expertise in both experimental biology and 
bioinformatics will be strongly preferred. The successful candidate will join a 
multidisciplinary team using systems biology approaches to analyze regulatory 
mechanisms underlying complex developmental and behavioral phenotypes, 
and components that may define determinants of inter- and intraspecies 
diversity. Fellows are expected to conduct research that contributes to the 
development of theme goals by integrating components from multiple theme 
members areas of expertise. (Lisa Stubbs, Theme Leader) 


Mining Microbial Genomes 

The Fellow will be involved in one of several multidisciplinary projects focused 
on (1) the discovery, design, and development of novel antibiotics, or (2) the 
assignment of function to novel enzymes discovered in genome projects. The 
ideal candidate will have a proven record of expertise in microbially produced 
natural products and/or enzyme evolution. We are interested in candidates 
with previous experience in bacterial metabolism, bacterial genetics, molecular 
biology, biochemistry, enzyme evolution, metabolic engineering, organic syn- 
thesis, mass spectroscopy, bioinformatics and/or metagenomics. 

(Bill Metcalf, Theme Leader) 


Regenerative Biology & Tissue Engineering 

The Fellow will be involved in one or more of our multidisciplinary projects 
related to regenerative biology and harnessing the potential of adult/embry- 
onic stem cells for tissue engineering applications. Of particular interest is 
leveraging theme expertise in biomaterials fabrication, drug delivery systems, 
microfluidics-based in vitro experimental platforms, and in vivo evolution- 

ary biology and regeneration medicine studies. The ideal candidate will have 
experience in one or more areas of (stem) cell biology, induced pluripotent cell 
technology, biomaterials, microfluidics, and/or tissue engineering. 

(Paul Kenis, Theme Leader) 


Synthetic Biology 

The Fellow will be involved in one of several multidisciplinary projects focused 
on the development and application of synthetic biology tools to address 
challenging problems related to human health and sustainability. The ideal 
candidate will have a proven record of expertise in synthetic biology, metabolic 
engineering, protein engineering, mass spectroscopy, laboratory automation, 
computer aided design, bioinformatics, and plant genetic engineering. 
(Huimin Zhao, Theme Leader) 


The University of Illinois is an Affirmative Action/ 
Equal Opportunity Employer 


www.igb.illinois.edu 


online @sciencecareers.org 


Science Careers 
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advisor if you can take over a project 


or oversee students,” she suggests. 
This is exactly what Yvonne 
Klaue did during her postdoc at 
the University of California, Irvine. 
When her PI announced he was tak- 
ing a sabbatical for a year, she offered 
to run the lab in his absence. Klaue 
organized regular meetings of the 
research group, supervised the ju- 
nior members to ensure they were 
meeting the lab’s mission and 
goals, handled group communica- 


tions with other faculty, and even 
Yvonne Klave 


oversaw inventory and budgeting. 
“No one ever told me how to manage 
a lab,” she says. “I was thrown into it.” 

As you look for opportunities to reinforce your management ex- 
perience, recognize that leadership is not limited to managing people 
and projects. A great leader is one who has vision and the ability to 
implement that vision with success. Cournia was able to gain and dem- 
onstrate this kind of leadership drive by creating a funding source for 
postdocs to travel to conferences while at Yale. At the time, there was 
no institutional financial support for non-US. citizen postdocs to pres- 
ent at scientific meetings. On her own accord, Cournia approached the 
Office for Postdoctoral Affairs and helped launch a committee to write 
a grant proposal to the provost to support the endeavor. The commit- 
tee ended up raising $20,000 that year and the travel fund became a 
permanent part of the Yale budget. “There are ways you can dem- 
onstrate your leadership potential, your potential to be a doer, and 
that you are really committed to your career,” she urges. “This was 
essential to my career so I could travel to conferences, so I did it. 
As an independent researcher, you need to show you can be tough 
and decisive and that you can take the next step to go forward and 
be proactive.” 

There are other opportunities to be found on your campus that 
can aid you in your career, says Leslie Beckman, senior coordina- 
tor of special programs in the Office of Postdoctoral Affairs at the 
University of Texas Health Science Center at Houston (UTHealth). 
Consider serving on high-profile committees, like the postdoc- 
toral association, or taking on interdisciplinary or even interinsti- 
tutional projects that allow you to be seen as a leader. Furthermore, 
teaching and informal mentoring can also provide you with critical 


leadership skills. 


Teambuilding 

As a postdoc, your research group may seem like a functioning team 
environment. But more often than not, “work is partitioned off into 
silos but the staff doesn’t have to deeply collaborate or rely on team 
members for success,” says Steven Casper, Henry E. Riggs Profes- 
sor of Management and associate dean for faculty development of the 
Keck Graduate Institute of Applied Life Sciences (KGI). But to transi- 
tion into a research career where you are the leader, you must have 
abilities that show you know how to effectively collaborate on and 
build a winning team. Casper recommends pursuing an internship or 


a short-term volunteer project in your university “where you have to 


rely on a division of labor to reach goals,” he says. You might consider 
joining a team through the institution’s entrepreneurship program, 
where students work on business plans and appreciate a postdoc’s 
technical expertise. “Go outside the ‘all science zone’ and work with 
highly intelligent people who are in other disciplines than your own,” 
he advises. 

Networking plays an important role in building a unit that can ac- 
complish a goal. Michelle Fennessy, a postdoctoral fellow in nurs- 
ing at the University of California, Davis, works at the crossroads of 
data management, administration, and safety in hospital environ- 
ments. She realized that to accomplish her research and acquire fund- 
ing, she would need a multidisciplinary lineup with major credentials 
behind her. So she actively recruited thought leaders in the field. It 
took her six months of networking through conferences and leverag- 
ing contacts to assemble her dream team, but it was worth it on so 
many levels, she says. “As a junior investigator, it is important to sur- 
round yourself with experts in the field to help mentor you through the 
process,” she notes. 


Communication 
“Everything we do as faculty 


F a ites “Everything we do 
requires communication skills, 


stresses Wendi Heinzelman, as faculty requires 


dean of graduate studies and communication skills. 


professor of electrical and com- 
; . ‘ You can have the 
puter engineering at the Univer- 


sity of Rochester. “You can have greatest idea but if 
the greatest idea but if you don’t you don’t know how 
know how to explain it, it will 
fall flat on its face.” 


The ability to convince others 


to explain it, it will fall 


flat on its face.” 
of the importance of your work —Wendi Heinzelman 
and why they should engage you, 

either as an employer, research 

partner, funder, or mentor, is paramount. You should seek as many op- 
portunities as possible to practice these skills. Start small where the 
stakes are low, says Lundsteen. Begin by giving a talk in your research 
group, then move on to a journal group, the department, your postdoc 
association, and then to a conference. Volunteer to speak in another 
department besides your own, says Michael Hadjiargyrou, chair of 
life sciences at NYIT. “It forces you to put together a presentation that’s 
targeted for a specific audience,” which is vital given that when you 
interview for an academic job, you may have to give a talk for scientists 
outside your realm of research or in another department altogether. 
Hadjiargyrou also recommends seeking out opportunities to address 


lay people. 


Funding 
A demonstrated record of finding and acquiring funding is crucial to 
landing a job in academia, where “you don’t just get handed a sack of 
money,” jokes Lundsteen. Working on a grant project signals to the pro- 
spective employer that “you are cognizant of the funding and where it 
comes from,” she adds. 

So naturally, as a postdoc you should consider applying for grants. 
Cournia wrote 20 applications and received funding from three. Her 
hard work and success established to her perspective continued> 


www.sciencecareers.org 
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Roche Postdoctoral Fellowships (RPFs) in Pharma 
Research and Early Development 


online @sciencecareers.org 


Who we are 

At Roche, 82,000 people across 150 countries are pushing back the frontiers of healthcare. Working together, we've 
become one of the world’s leading research focused healthcare groups. Our success is built on innovation, curiosity 
and diversity, and on seeing each other's differences as an advantage. To innovate healthcare, Roche has ambitious 
plans to keep learning and growing - and is seeking people who have the same goals for themselves. 


The RPF program supports outstanding young scientists focusing on cooperative R&D projects between Roche 
and international academic institutions. As an RPF, you will receive scientific mentoring from both Roche and its 
academic partners, and gain valuable research experience from both academic and industrial perspectives. We 
have currently several Postdoc positions open in the area of Neuroscience, Immunology, Non-clinical safety, and 
Metabolic Diseases within our Pharma Research and Early Development (pRED) department: 

Postdoctoral Fellow - Tumor immunology (Schlieren/Zurich, Switzerland) 

Postdoctoral Fellow - Resolution of inflammation in metabolic diseases (Basel, Switzerland & Dublin, Ireland) 
Postdoctoral Fellow - Intracellular sorting of biotherapeutics at the blood-brain barrier 

(Basel, Switzerland & Strasbourg, France) 

Postdoctoral Fellow — Islet endothelial cell research (Basel, Switzerland & Dusseldorf, Germany) 
Postdoctoral Fellow - Evaluation of peptide immunogenicity (Basel, Switzerland & Penzberg, Germany) 
Postdoctoral Fellow - Label-Free biomolecular interaction analysis applied to cell cultures 

(ETH Zurich, Switzerland) 

These positions are sponsored by the Roche Postdoctoral Fellowship program and are initially limited to two years. 


Science Careers 


Who you are 

You're someone who wants to influence your own development. You’re looking for a company where you have the 

opportunity to pursue your interests across functions and geographies, and where a job title is not considered the 

final definition of who you are, but the starting point. 

You have: 

¢ a PhD degree obtained no more than 4 years ago 

* research experience in the relevant field with proven track record in the research area 

* competency of both, team and independent work, interest in working in a multidisciplinary and multinational 
environment, fluency in English is required 
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The next step is yours. To apply online visit www.careers.roche.ch. Please include a CV, a motivation letter 
and references in your application. 


Roche is an Equal Opportunity Employer 


“Make your mark. 
Improve lives.” 


Ts | 


Roche, Switzerland 


914 
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of Technology (MIT) 
www.mit.edu 


Yale University 
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employer that she knew how to manage grants, write reports, and 
oversee budgets. 

Yet “even if you don’t get the grant, it is a very useful experience,” says 
Hadjiargyrou. “Grant writing is an art and it takes a long time to hone this 
skill.” Farajidavar secured priceless advice about grant funding practices 
from his PI, who had served on review panels for several national 
agencies. “He knew the criteria for scoring,” he says, “and he shared his 
experiences and read my proposals and helped edit them.” Farajidavar 
also asked his advisor if he could accompany him to an NSF workshop to 
learn the ins and outs of grant writing and meet the program officers. 
As a postdoc, he applied for five proposals in one year and, although 
none were funded, he learned another valuable lesson—you can call the 
program officer and inquire why your application was not selected. The 
information they provided was an essential factor for his next proposal 
getting funded. 

Approach your advisor about writing a grant and if they don’t sup- 
port it, find another mentor who will, advises Hadjiargyrou. And you 
don’t just have to apply for large-scale grants—consider pursuing 
small pockets of money that may exist in your department or through 
the postdoc affairs division of your institution. 

Furthermore, as the economics of funding changes, it’s in a fac- 
ulty member’s best interest to become savvy in other areas of fi- 
nancial support besides grant writing, As part of its communica- 
tions training, UTHealth offers postdocs insight into fundraising 
and philanthropy, and lessons about communicating scientific re- 
sults to a community of potential donors. “You will be interacting 
with these people in your careers,” says Beckman, so it is important 
to know why people and private foundations donate money to sci- 
ence and how to partner with them to advance your own research 


mission. 


“Il sold myself 
as an applied 
mathematician who 
could solve any 
problem.” 

— Serina Diniega 


Serina Diniega 


Marketing Your Value 

One of the best marketing tactics you can employ is adopting a niche 
and incorporating it into your career strategy. As Cournia contemplat- 
ed returning to her home nation, she researched how her subfield of 
computer-aided drug design would fit in with the strategic initiatives 
of Greek institutions. And since there were very few Greek scientists 
with this expertise, she believed she could add value to the growing 
academic efforts in the pharmaceutical sector in the country. “A new 
field was starting in Greece—drug design—and there were not a lot of 
scientists who had been abroad and had been doing the specialized job 
that I was doing,” she says. “You need to have a long-term plan and know 
where you want to be and what you want to be in the next 10 years, and 
create your niche accordingly.” 

Finding that niche in which to best market your value is absolutely 
essential. Serina Diniega, a mathematician who works for NASA’s 
Jet Propulsion Laboratory (JPL), recognized this and put the concept 
into action. In the universe of planetary science, most researchers have 
geophysics or astronomy degrees. But with a strong desire to work in 
this field, Diniega realized that she could use her applied mathematics 
background as a competitive advantage. “I sold myself as an applied 
mathematician who could solve any problem,” she says. Her postdoc 
centered around lava flow modeling, and even though she had “abso- 
lutely no experience with lava,” she got the job because she pitched 
herself as an expert in modeling, which could be applied to multiple 
systems. 


Getting Hired 

Ultimately, when someone hires you, they need to know you will con- 
tribute value in all ways to the research group, department, and or- 
ganization. “You have to demonstrate that you are a good playing card 
for the institution,” stresses Rodrigo Morales, assistant professor of 
neurology at UTHealth, which includes having a positive attitude, and 
experience in leadership, fundraising, and communications. But, ex- 
perts agree, having all of these abilities means absolutely nothing to 
potential employers if you don’t have the solid scientific foundation on 
which to build upon them in the first place. “All of these other skills are 
important to get hired, but the most important thing is always to do 
good science,” affirms Cournia. 


Alaina G. Levine is a science writer and science careers consultant/speaker in Tucson, AZ. 


DOI: 10.1126/science.opms.r1300135 
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Postdocs Applying Climate Expertise (PACE) 
Grow the pool of scientists qualified to work at the 
interface between climate science and its applications 
Deadline 3 January 2014 


Jack Eddy Postdoctoral Fellowship Program 
Train the next generation of researchers needed for the 
emerging field of Heliophysics 

Deadline 17 January 2014 


NOAA Climate & Global Change Postdoctoral 
Fellowship Program 

Create and train the next generation of researchers 
needed for climate studies 

Deadline 10 January 2014 


Experienced scientists at U.S. universities and research institutions host fel- 
lows and provide mentoring and a collaborative environment for the postdocs 
to carry out their research projects in an area of mutual interest. 

Fellows are UCAR employees and receive a fixed annual salary plus UCAR’s 
benefits (health and dental insurance, paid time off, paid holidays, TIAA/CREF 
retirement fund, and life insurance). Allowances are provided for relocation 
and scientific travel during the appointment. 


Please visit the UCAR Visiting Scientist Programs 


website for detailed information on these programs, \ ISP 


benefits details and application requirements at: Visiting 


Scientist 
or call 303-497-8649. Programs 


harvard department of stem cell & regenerative biology 


Department of Stem Cell and 
Regenerative Biology (HSCRB) 
Harvard University 


POSTDOCTORAL 
FELLOWSHIPS 


The Department of Stem Cell and Regenerative Biology 
is actively seeking postdoctoral fellows in a wide variety 
of fields within stem cell and regenerative biology. Some 
appointments are funded through research grants awarded 
to Faculty members and are ordinarily for one year, some- 
times renewable; other appointments are possible through 
individual postdoctoral fellowships. 


For information on these research opportunities, 
application instructions, and the list of Faculty members 
with current openings, please visit the HSCRB website: 
http://www.hscrb.harvard.edu. 


Harvard University is an Equal Opportunity/Affirmative 
Action Employer. 


JAX 
Postdoctoral 
Scholars 
Program 


jax.org/scholars 


Be Nominated 


Start Here! 


(or at the address above if you prefer.) 


online @sciencecareers.org 
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Our Next Breakthrough IS YOU. 
Lawrence Postdoctoral Fellowship 


The Lawrence Livermore National Laboratory (LLNL) has openings available 
under its Lawrence Fellowship Program. This is a highly desirable postdoctoral 
position that provides freedom to conduct independent, cutting-edge research, 
directed by the candidate, in an area of the candidate’s choice. The duration of 
the Fellowship is up to three years. Typically two to four openings are available 
each year. Fellowships are awarded only to candidates with exceptional talent, 
credentials and a track record of research accomplishments. 


Successful candidates will propose and subsequently conduct original 

esearch in one or more aspects of science relevant to the mission and goals 
of LLNL. Possible scientific areas include: Physics, Applied Mathematics, 
Computer Science, Chemistry, Material Science, Engineering, Environmental 
Science, Atmospheric Science, Geology, Energy, Lasers and Biology. Lawrence 
Fellows may participate in experimental or theoretical work at LLNL and 

will have access to LLNL’s extensive computing facilities and specialized 
aboratory facilities. A senior scientist will be matched to the Fellow to serve 
as a collaborator and mentor. The candidates will receive full management and 
administrative support. The salary is $8,500/mo. 


Please refer to the following web page http://apptrkr.com/377790 and 
r to job #11675 for eligibility requirements and instructions on how to 
apply. When applying and prompted, please mention where you saw this ad. 
The deadline for applications is November 1, 2013. LLNL is operated by the 
Lawrence Livermore National Security, LLC for the U.S. Department of Energy, 
National Nuclear Security Administration. We are an equal opportunity employer 
with a commitment to workforce diversity. 


NG Lawrence Livermore 


National Laboratory http://fellowship.|Ini.gov 


Post-doctoral opportunities in 
Systems Medicine and Bioinformatics 
at Stanford University 


The laboratory of Dr. Atul Butte at Stanford Medical School is seeking 
highly motivated investigators to develop and study novel approaches 
in data-driven biomedical research to discover new biomarkers, 
therapeutics, and to revolutionize health and health-care. Post-doctoral 
fellowships are fully funded for at least 2 years. 


Ideal candidates will have an M.D. and/or Ph.D. with a strong back- 
ground in bioinformatics, computational biology, biostatistics, and 
genomics, excellent communication and programming skills, and a 
great publication record. 


Strong problem-solving skills, creative thinking, and the ability to build 
new software tools as needed are required. A dual background in both 
computation and molecular biology or medicine or pharmacology will 
be a strong plus. Prior experience with genetic, microarray, drug, or 
clinical databases, text-mining, knowledge representation, or parallel 
computing platforms is a plus. Applicants must possess good commu- 
nication skills and be fluent in both spoken and written English. 


This exciting work will be guided by multidisciplinary collaborations 
with top scientists in stem-cell, immunology, diabetes, and cancer 
biology research at Stanford. 


To apply, please send your CV, a brief statement of research interests, 
and contact information for three references. Contact: Susan Aptekar; 
E-mail: butte-lab-jobs@lists.stanford.edu 


1) Weill Cornell Medical College 


Faculty and Postdoctoral Positions in 
Molecular Imaging Innovations Institute 


The Molecular Imaging Innovations Institute (MI*) in the Department of 
Radiology at Weill Cornell Medical College is seeking highly motivated 
applicants to join newly established institute which will be located in the 
brand new state-of-the-art Belfer Research Building. MI’ is committed to 
becoming an internationally recognized institute of excellence in discovery 
and development of new molecular imaging agents, and strategies for use in 
basic and translational research as well as in clinical care. Scientists will have 
access to on-site imaging systems for animal and human studies, including 
MRI, PET, SPECT, CT, optical and ultrasound. 


Faculty positions: Experienced scientists with PhD and/or MD in developing 
multimodality imaging strategies are encouraged to apply. Junior candidates 
must have at least three years of postdoctoral experience, publications in high 
impact journals, and the demonstrated ability or potential to acquire external 
research funding. Senior positions will be considered commensurate with 
experience and track record of extramural funding and publications. 


Postdoctoral Associate positions: MI’ seeks both chemists and biologists 
who are creative, motivated, and enjoy working independently as well as 
in a collaborative environment. Research experience in peptide, liposome, 
nanotechnology, radiochemistry, organic chemistry, fluorescence chemistry, 
photodynamic therapy, drug delivery, immunology, stem cells or animal 
models are preferred, although other areas may also be considered. Appli- 
cants must have a doctoral degree, possess excellent oral and writing skills, 
and be fluent in English. 


Qualified applicants should respond by sending or emailing a letter of interest, 
including: research interests, CV, and three references to: Dr. Ching Tung, 
Director of Molecular Imaging Innovations Institute, Department of 
Radiology, Weill Cornell Medical College, 525 East 68" Street, Box 141, 
New York, NY 10065-4870; Email at MI3@med.cornell.edu. 


Weill Cornell Medical College is an 
Equal Opportunity Educator and Employer. 


Argonne 


NATIONAL LABORATORY 
The Argonne Named Postdoctoral 
Fellowship Program 


Argonne National Laboratory is accepting applications for the 2014 Named 
Postdoctoral Fellowship. Argonne awards these special postdoctoral fel- 
lowships internationally on an annual basis to outstanding doctoral-level 
scientists and engineers who are at early points in promising careers. The 
fellowships are named after scientific and technical luminaries who have 
been associated with Argonne and its predecessors, and the University of 
Chicago, since the 1940’s. 


Candidates for these fellowships must display superb ability in scientific or 
engineering research, and must show definite promise of becoming outstand- 
ing leaders in the research they pursue. Fellowships are awarded annually and 
may be renewed up to three years. The 2014 fellowship carries a stipend of 
$80,000 per annum with an additional allocation of up to $20,000 per annum 
for research support and travel. The deadline for submission of application 
materials is October 15, 2013. 


Applicants should identify an Argonne staff member to sponsor the nomi- 
nation. The sponsor could be someone who is already familiar with your 
research work and accomplishments through previous collaborations or 
professional societies. If you have not yet identified an Argonne sponsor, 
visit the detailed websites of the various Research Programs and Research 
Divisions at www.anl.gov. 


Applications must be submitted online through: www.anl.gov/careers. 
Correspondence and supporting letters of recommendation should be 
submitted to Named-Postdoc@anl.gov. 


For more information visit the Argonne Postdoc Blog at blogs.anl.gov/ 
postdoc or contact Postdoc Program Coordinator, Kristene Henne, at 
khenne@anl.gov. 


Argonne is an Equal Opportunity Employer and we value diversity in our 
workforce. Argonne is a U.S. Department of Energy laboratory managed 
by UChicago Argonne, LLC. 


tet NATIONAL INSTITUTES OF HEALTH 
The NIH Intramural Research Program is Recruiting 
Tenure-Track “Earl Stadtman Investigators” 


The National Institutes of Health, the U.S. government’s premier biomedical and behavioral research enterprise, is 
pleased to announce its fifth annual call for “NIH Earl Stadtman Investigators,” a broad recruitment of tenure-track in- 
vestigators for all NIH intramural programs. Scientific discoveries from our intramural laboratories, with their extensive 
infrastructure and critical mass of expertise, have a crucial role in both maintaining America’s research excellence and 
advancing medical treatments and cures. 


Come join the team whose hallmarks are stable funding, intellectual freedom, shared resources, and access to a wide range 
of scientific expertise. We seek creative, independent thinkers eager to take on high-risk, high-impact research. A fantastic 
array of early-career scientists already have been hired through the “Stadtman” recruitment in the last four years. 


A variety of basic and translational/clinical positions are available, with areas of active recruitment including (but not 
limited to): Biochemistry, Biomedical Engineering, Biophysics, Biostatistics, Cancer Biology, Cell Biology, Cell Me- 
tabolism, Chemical Biology, Chromosome Biology, Circadian Biology, Computational Biology, Developmental Biology, 
Epidemiology, Genetics, Genomics, Health Disparities, Hearing & Balance, Immunology, Infectious Diseases, Micro- 
biology, Molecular Pharmacology, Neurodevelopment, Neurosciences, Sensory Biology, Structural Biology, Systems 
Biology, Toxicology, Translational Research, and Virology. 


RRRKK 


Who we are: Among our approximately 1,100 principal investigators and 5,000 trainees are world-renowned experts in ba- 
sic, translational, and clinical research. Our strength is our diversity in pursuit of acommon goal, to alleviate human suffering 
from disease. Similar to academia, we offer our scientists the opportunity to mentor outstanding trainees at all levels (e.g., 
graduate students and postdoctoral fellows) in a research setting. 


Whom we seek: For this broad, trans-NIH recruitment effort, we seek talented, early-career scientists with a clear and cre- 
ative research vision who wish to contribute to the nation’s health. 


Qualifications/eligibility: Candidates must have an M.D., Ph.D., D.D.S./D.M.D., D.V.M, D.O., R.N./Ph.D., or equivalent doc- 
toral degree and have an outstanding record of research accomplishments as evidenced by publications in major peer-reviewed 
journals. Applicants may be in early stages of their research careers or non-tenured early-to-mid career scientists. Appointees 
may be U.S. citizens, resident aliens, or non-resident aliens with, or eligible to obtain, a valid employment-authorization visa. 


How to apply: Applicants must submit four items: (1) a CV; (2).a three-page proposal titled Research Goals, i.e., the research 
you hope to perform at the NIH; (3) a one-page statement titled Long-term Research Vision and Impact, i.e., what you hope 
to achieve for yourself, your field, and society; and (4) contact information for three professional references. Submit these 
through our online application system at http://tenuretrack.nih.gov/apply between August 1 and 11:59 p.m. EDT October 1, 
2013. You will be asked to designate a primary and secondary scientific area of expertise to aid in assigning your applica- 
tion to the appropriate review committee. Requests for letters of recommendation will be sent to your references when you 
submit your application. Reference letters will be accepted via upload to the website until 11:59 p.m. EDT October 15, 2013. 
We cannot accept paper applications. 


What to expect: Search committees of subject-matter experts will review and evaluate applicants based on publication record, 
scientific vision and potential scientific impact of current and proposed research, demonstrated independence, awards, and 
references. The committees will identify the most highly qualified candidates to invite to the NIH for a lecture in November or 
December 2013, open to the NIH scientific staff, and for subsequent interviews with the search committees. Search commit- 
tee chairs and NIH Scientific Directors, who lead our intramural programs, will identify finalists for possible recruitment as Earl 
Stadtman Investigators. Candidates not selected as finalists can be considered for other open NIH research positions. The 
entire process from application review to job offer may take several months, depending on the volume of applications. 


KKK 


We call upon individuals who will open our eyes to possibilities we haven’t yet envisioned, to complement our scientific 
mission and enhance our research efforts. More information about our program is at http://irp.nih.gov. The inspiring story 
of Earl and Thressa Stadtman’s research at the NIH is at http://history.nih.gov/exhibits/stadtman. Specific questions re- 
garding this recruitment effort may be directed to Dr. Roland Owens, Assistant Director, NIH Office of Intramural Research, 
at owensrol@mail.nih.gov. DHHS and NIH are Equal Opportunity Employers. 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


online @sciencecareers.org 


N 
Sow 
o 
= 
a 
C0 
o) 
Q 
= 
o 
om 
S) 
Dn 


SIMON FRASER UNIVERSITY 
ENGAGING THE WORLD 


Simon Fraser University is one of 
Canada’s leading comprehensive 
universities with three campuses 
in Metro Vancouver. Through the 
strength and commitment of our 
staff and faculty, SFU is recognized 
as atop employer in both BC and 
Canada. We invite applications for 
the following position: 


DEPARTMENT OF CHEMISTRY 
FACULTY POSITION IN 
MATERIALS CHEMISTRY 


The Department of Chemistry at 
Simon Fraser University (SFU) 
invites applications for a tenure 
track Assistant Professor position in 
Experimental Materials Chemistry 
to take effect in September 2014, 
subject to final budgetary approval. 
Candidates working in the area of 
Solar Energy who will make use 

4D LABS’ (www.4dlabs.ca] shared 
facilities in materials science, and 
who will help lead our expansion 
into the fabrication and testing of 
solar energy devices are especially 
encouraged to apply. 


Applicants should have a Ph.D. degree 
and will normally have postdoctoral 
or industrial experience. Outstanding 
candidates with a commitment to 
excellence in research and teaching are 
being sought. The candidates will be 
expected to develop and maintain both an 
innovative, externally funded research 
program, and an excellent teaching 
record at both the undergraduate 
and graduate levels in Chemistry. 


All qualified candidates are 
encouraged to apply; however, 
Canadians and Permanent Residents 
will be given priority. Simon Fraser 
University is committed to an equity 
employment program that includes 
special measures to achieve diversity 
among its faculty and staff. We 
therefore particularly encourage 
applications from qualified women, 
aboriginal Canadians, persons with 
disabilities, and members of visible 
minorities. Applicants should 

send a complete résumé, a concise 
research proposal, a description of 
teaching interest and experience, 
and a list of three individuals 
willing to act as referees with their 
addresses, telephone and/or fax 
numbers, and e-mail addresses. All 
correspondence should be sent to: 


Dr. Zuo-Guang Ye, Professor and 
Chair, Department of Chemistry 
Simon Fraser University, 8888 
University Drive, Burnaby BC V5A 
1S6 Canada 
E-mail: chemchrfasfu.ca 


Please note: We thank all applicants for their 


interest, however, only those selected for 
interviews will be contacted. 


Please note that under the University Act, 
personal information that is required by 
the University for academic appointment 
competitions will be collected. For further 
details see the Collection Notice. 
(www.chemistry.sfu.ca/about/employment) 


www-sfu.ca/jobpostings 


ee DIRECTOR & PROFESSOR 
aa OF NANOSCIENCE 


ki New York Advanced Science Research Center 


= 


The Advanced Science Research Center (ASRC) at the City University of New York (CUNY) seeks a dynamic and 
innovative scientist with demonstrated leadership and research accomplishments in a Nanoscience specialty area 
to serve as Professor and Director of Nanoscience. The position will be a tenured faculty member and program 
administrator. The successful candidate will be expected to engage in teaching and research; oversee the Nanoscience 
program; lead researchers in collaborative projects and activities; lead the continued acquisition of external funding; 
recruit new faculty; and ensure compliance with federal research guidelines and University policies. 


Applicants must be accomplished and respected researchers in a Nanoscience area with a solid record of scholarly 
activities, and possess appropriate credentials for a senior faculty appointment at one of the CUNY colleges. 
Preference will be given to those whose experimental research focus areas include but are not limited to one or 
more of the following: nanomaterials, nanoelectronics, nanomedicine, nanophotonics, and bionanostructures. 


Successful candidates will be scientists of outstanding merit and accomplishment with active, funded research 
programs in Nanoscience or a closely related area. Exceptional candidates may be appointed as a Distinguished 
Professor and/or Einstein Professor. 


The ASRC is a 200,000 square feet science facility located at 85 St. Nicholas Terrace (close to 133rd Street) on 
the south campus of CUNY’s City College and adjacent to the New York Structural Biology Center. Construction 
of the ASRC is well underway and due for completion in 2014. The innovatively designed center is a University- 
wide science enterprise that builds on the strengths CUNY has developed in five distinct but interconnected 
disciplines, Nanoscience, Photonics, Structural Biology, Neuroscience and Environmental Sciences. The center 
will be the nucleus of an integrated research network and will provide core facilities for CUNY scientists with the 
goal of fostering interdisciplinary research. To learn more about the ASRC visit www.asrc.cuny.edu. 


Minimum Qualifications: Ph.D. in a life science, engineering, closely related science discipline or Nanoscience 
specialty area required. 


To apply: Go to the CUNY website at http: www.cuny.edu/employment.html to view the complete job posting and 
qualification requirements. Click on ‘Search Job Listings’ under the Career Positions available section of the page, 
then click Faculty under the Employment Opportunities section; then look for the Job Posting title and Job ID 
#8638. Submit a letter of interest, curriculum vitae, summary of research interests/expertise area, a teaching 
statement, and the contact information for at least three (3) professional references. Compensation is commensurate 
with experience. 


The City University of New York (CUNY) is an EO/AA Employer. 


hee a DIRECTOR & PROFESSOR 
Se OF PHOTONICS 


kh New York Advanced Science Research Center 


The Advanced Science Research Center (ASRC) at the City University of New York (CUNY) seeks a dynamic and 
innovative scientist with demonstrated leadership and research accomplishments in Photonics to serve as 
Professor and Director of Photonics. The position will be a tenured faculty member and program administrator. 
The successful candidate will be expected to engage in teaching and research; oversee the Photonics program; 
lead researchers in collaborative projects and activities; lead the continued acquisition of external funding; recruit 
new faculty; and ensure compliance with federal research guidelines and University policies. 


Applicants must be accomplished and respected researchers in a Photonics area with a solid record of scholarly 
activities, and possess appropriate credentials for a senior faculty appointment at one of the CUNY colleges. 
Preference will be given to those whose experimental research focus areas include but are not limited to one or 
more of the following: nanophotonics, terahertz technology, ultrafast spectroscopy, and plasmonics. 


Successful candidates will be scientists of outstanding merit and accomplishment with active, funded research 
programs in Photonics or a closely related area. Exceptional candidates may be appointed as a Distinguished 
Professor and/or Einstein Professor. 


The ASRC is a 200,000 square feet science facility located at 85 St. Nicholas Terrace (close to 133rd Street) on 
the south campus of CUNY’s City College and adjacent to the New York Structural Biology Center. Construction 
of the ASRC is well underway and due for completion in 2014. The innovatively designed center is a University- 
wide science enterprise that builds on the strengths CUNY has developed in five distinct but interconnected 
disciplines - Nanoscience, Photonics, Structural Biology, Neuroscience, and Environmental Sciences. The center 
will be the nucleus of an integrated research network and will provide core facilities for CUNY scientists with the 
goal of fostering interdisciplinary research. To learn more about the ASRC visit www.asrc.cuny.edu. 


Minimum Qualifications: Ph.D. in a life science, engineering, closely related science discipline, or Photonics 
specialty area required 


To apply: Go to the CUNY website at http:www.cuny.edu/employment.html to view the complete job posting and 
qualification requirements. Click on ‘Search Job Listings’ under the Career Positions available section of the 
page, then click Faculty under the Employment Opportunities section; then look for the Job Posting title and Job 
ID #8640. Submit a letter of interest, curriculum vitae, summary of research interests/expertise area, a teaching 
statement, and the contact information for at least three (3) professional references. Compensation is commensurate 
with experience. 


The City University of New York (CUNY) is an EO/AA Employer. 


TECHNOLOGICAL 


DISTINCTIVE 
LEADERSHIP 
AND RESEARCH 
OPPORTUNITY 


with the fastest-rising university in the 
world’s top 50. NTU, Singapore 


Nanyang Technological University, Singapore, invites applications for the position of 
Chair, School of Biological Sciences in College of Science 


About the Appointment 
This is an exceptional opportunity for a visionary scientist to lead the School of Biological Sciences (SBS) in the next phase of its development at the hub 
of the rapidly growing Life Sciences cluster at the Nanyang Technological University. 


The Chair reports to the Dean of Science and is expected to provide leadership and oversight for the academic, intellectual and administrative affairs of 
the School and its two major disciplines, Molecular Genetics & Cell Biology, and Structural Biology & Biochemistry. The Chair is expected to work closely 
with counterparts in the Schools of Chemical & Biomedical Engineering, and Physical & Mathematical Sciences, as well as the new Lee Kong Chian 
School of Medicine, to promote the ethos of cross cutting innovation in research and teaching embodied by NTU. Building on the existing disciplines in 
SBS, there will be significant scope for the new Chair to shape the School’s future through recruiting world-class talent and cultivating a successful grant 
funding culture. The Chair is a member of the Dean Advisory Committee. 


The appointee must have a record of academic achievements, research and teaching in a reputable university. The appointee must have strong 
interpersonal and communication skills to engage faculty, and commit to faculty shared governance. 


The massive investment in Biomedical Science and engineering in Singapore over the past decade has generated a research landscape unparalleled 
in Asia, and on par with leading academic centres across the world. SBS is poised to assume a prominent position in this landscape through strategic 
partnerships with Research Centres of Excellence, such as the Singapore Centre on Environmental Life Sciences Engineering, in the life sciences cluster 
at NTU, and with the wider Singapore research community, notably the A*Star Research Institutes, and the new LKC Clinical Research Centre at Tan 
Tock Seng Hospital. 


About Nanyang Technological University 

NTU is an internationally reputed research-intensive university with globally acknowledged strengths in Engineering and Business. Science and 
Humanities have added to the strengths of the University, and a Medical School has been set up jointly with Imperial College London. Ranked 47th by 
the Quacquarelli Symonds (QS) World University Rankings, NTU is the fastest rising university in the QS global top 50 universities. It is 2nd in the world 
among the young elite universities, according to QS’ Top 50 under 50 rankings, and also jumped seven places to break into Asia’s Top 10 universities. 
NTU is also placed within the top 100 in the Times Higher Education rankings. 


The University’s academic and research programmes, with real-world relevance, have received strong support from major corporations and industry 
leaders, in terms of research funding, industry partnerships, and global internship opportunities for the students. 


About the College and School 

The College of Science is nascent amongst NTU’s four colleges - College of Engineering; College of Science; College of Business (Nanyang Business 
School), and College of Humanities, Arts, and Social Sciences. More information on the College of Science and the School can be accessed at: 
http://www.cos.ntu.edu.sg and http://www.sbs.ntu.edu.sg 


To apply, please send curriculum vitae, accompanied by a cover letter, to: 


The Chairman of the Search Committee, Prof Staffan Kjelleberg, 
Director, of the Singapore Centre on Environmental Life Sciences Engineering, 
a NTU Research Centre of Excellence, 


c/o Secretary to the Search Committee 
Nanyang Technological University 
Level 4, Administration Building 

50, Nanyang Avenue 

Singapore 639798 


Fax: (65) 6795 9001 
Email: CHAIRSEARCHSBS@NTU.EDU.SG 


Closing Date: 31 October 2013 
Korn/Ferry International Pte Ltd is the appointed Executive Search firm for the Chair Search. 


All applications and materials submitted will be held in strict confidence. 


www.ntu.edu.sg 


online @sciencecareers.org 


D 
ca 
o 
ps 
io 

1S) 
v 
S) 
i 

a 
5) 

N 


online @sciencecareers.org 


Science Careers 


f -MUSC 


MEDICAL UNIVERSITY 
of SOUTH CAROLINA 


Recruiting Faculty in Biochemistry 
and Molecular Biology 


Faculty positions at the Assistant, Associate, and Full Professor ranks are 
available in the Department of Biochemistry and Molecular Biology at the 
Medical University of South Carolina (MUSC) in Charleston. Candidates 
with research interests in all areas of biochemistry, cell, molecular, and cancer 
biology are welcome to apply. State-of-the-art laboratories, outstanding 
resources and research support are available. In addition, endowed chair 
positions are available for exceptional candidates. 


Candidates should have a national reputation and a solid record of 
collaborative and peer-reviewed funded research. We are seeking outstanding 
scientists who would complement and expand existing research foci and 
programs at MUSC. 


Located on the Atlantic coast in South Carolina, Charleston boasts one of the 
nation’s most historic downtown areas, beaches and year-round outdoor life, 
as well as international cultural events such as the Spoleto Festival USA. 


Interested researchers should send their CV and a summary of future 
research plans to: 
www.jobs.musc.edu/applicants/Central? quickFind=191045 


Philip H. Howe, Ph.D. 
Professor & Chair 
Department of Biochemistry & Molecular Biology 
Medical University of South Carolina 
173 Ashley Avenue, MSC 509 
Charleston, SC 29425 
simmonva@musc.edu 


MUSC is an Equal Opportunity Employer, 
promoting workplace diversity. 


NORTHWESTERN 
UNIVERSITY 


Department of Neurobiology 
Two Assistant Professor Positions 


The Department of Neurobiology, in the Weinberg College of Arts 
and Sciences, seeks to recruit two new tenure-track faculty members at 
the level of Assistant Professor. Applicants holding a Ph.D. and/or M.D. 
degree and demonstrating an outstanding record of scientific achieve- 
ment will be considered. We are interested in individuals whose research 
addresses fundamental issues in neuroscience and who show significant 
potential for innovation, scholarship, and commitment to excellence in 
research and teaching. 


Successful candidates will be expected to establish and maintain a high- 
profile research program attracting substantial extramural funding. The 
appointees will have access to state-of-the-art life science research support 
facilities and opportunities to interact with colleagues in the Interdepart- 
mental Neuroscience Program consisting of over 130 faculty, the Feinberg 
School of Medicine, the McCormick School of Engineering, the School of 
Communication, as well as the Center for Advanced Molecular Imaging, the 
Chemistry of Life Processes Institute, the Institute for Complex Systems, 
the Cognitive Neurology and Alzheimer’s Disease Center, the Center for 
Reproductive Science, the Center for Sleep and Circadian Biology, and the 
Robert H. Lurie Comprehensive Cancer Center. 


Applicants will submit (in PDF format) a cover letter, a CV, and a description 
of research plans. Applications must be submitted electronically. For details 
on preparing and submitting the application, please visit neurobiology. 
northwestern.edu/openings. Please plan to request at least three letters 
of recommendation. Applications received by November 1, 2013 will 
be ensured full consideration. All other inquiries may be directed to 
neurobiofacsearch@northwestern.edu. 


AA/EOE. Women and minority applicants are encouraged to apply. 


Department of Pharmacology 
TENURED/TENURE-TRACK POSITIONS 
(Assistant Professor, 
Associate Professor, Professor) 


University of Minnesota 
Medical School 
The Department of Pharmacology at the University of Minnesota invites 
applications to fill multiple tenured/tenure-track faculty positions. The suc- 
cessful applicant’s research will contribute to one or more of the University of 
Minnesota’s “Corridors of Discovery”, which includes brain science, cancer, 
and cardiovascular disorders. Investigators with translational disease-oriented 
research programs are especially encouraged to apply. Qualifications include a 
Ph.D. in the biomedical sciences or an M.D. degree, and relevant postdoctoral 
research experience. Applicants must have a strong record of research accom- 
plishments as documented by publications in leading peer-reviewed journals. 
The successful Assistant Professor applicant will be expected to develop an 
innovative, competitive research program supported by extramural funding 
and to participate in departmental teaching and service activities. Applicants 
for Associate Professor or Full Professor positions must demonstrate dis- 
tinction in published research, evidence of consistent extramural funding, 
and a commitment to teaching and service. For additional information about 

the department, visit: www.pharmacology.med.umn.edu. 


Interested applicants should apply online at: 
employment.umn.edu/applicants/Central? quickFind=112948 (Assistant 
Professor) 

employment.umn.edu/applicants/Central? quickFind=112953 (Associate 
or Full Professor) 


Please attach a letter of interest, curriculum vitae, brief statement of research 
interests, and contact information for three references. 


The University of Minnesota is committed to the policy that all persons 
shall have equal access to its programs, facilities, and employment 
without regard to race, color, creed, religion, national origin, sex, age, 
marital status, disability, public assistance status, veteran status or 
sexual orientation. 


NATIONAL INSTITUTE OF 
IMMUNOLOGY, INDIA 


Career Opportunities for Scientists 


The National Institute of Immunology, New Delhi, 
is a leading research Institute in India with a 
long-standing reputation for scientific excellence. 
The institute is equipped with state-of-the-art 
infrastructure for pursuing research in immunology 
and allied sciences. The Institute also imparts 
vigorous long-term research training leading to a 
Ph.D degree. 


The Institute invites applications from early as well as 
mid-career scientists to set up independent research 
programmes to address immunological problems 
at the expanding interface of modern biology. 
Applicants should possess a Ph.D degree or an M.D. 
with four years relevant experience post-Ph.D/M.D. 
Demonstrated record of scientific productivity in 
the form of outstanding publications in scientific 
journals of repute and/or internationally valid and 
productive patents is essential. Applicants should 
have a commitment to excellence and willingness 
to collaborate in interdisciplinary projects. Eligible & 
interested candidates are advised to visit the website, 
http://www.nii.res.in for detailed information. 


FACULTY POSITIONS 


he Department of Physiology & Pharmacology at Des Moines University invites 
applicants for open-rank, tenure-track faculty positions. Qualifications include 
preparation and expertise in one or more of the following areas: 


Cardiovascular Physiology; Respiratory Physiology; 
Endocrine Physiology or Medical Pharmacology 


We are committed to advancing our research enterprise and fostering an environ- 
ment conducive to scholarly success through the cultivation of distinctive faculty 
and student researchers who discover and disseminate new knowledge. The expec- 
tation is for faculty to participate in scholarly activity including grant application, DES MOINES * UNIVERSITY 
publications, research, as well as teaching to graduate and medical school students. 
Candidates should demonstrate the potential to develop an innovative and extra- 
murally funded research program and have a Ph.D. or equivalent plus a minimum of 
two years postdoctoral experience. Compensation and lab start-up costs are funded 
by the University and are not dependent on grant funding. 


e 


Job description, faculty benefit summary and 
information on Des Moines University are 
available at www.dmu.edu/employment. 


Review of applications will begin immediately 
Please submit a letter of application, a CV, a concise statement of teaching interests and continue until the positions are filled. 
and educational philosophy, a well-defined research plan including specific aims and 
objectives and three references using the online applicant tracking system at fee ae Rey 
: 7 i : < stave Des Moines University is an equal opportunity/affirmative action employer. 
www.dmu.edu/employment. Candidates with questions specific to this position may The University seeks excellence through diversity among its administrators, 
faculty, employees and students. The University prohibits discrimination on 


contact Department Chair Dr. Matt Henry at 5 1 5-27 1-1434, the basis of race, color, national origin, creed, religion, age, disability, sex, 
gender identity, sexual orientation, veteran status, genetic information or 


For more information on all that the Des Moines area has to offer regarding housing, any other legally protected status. Applications by members of all under- 
: ae 4 é represented groups are encouraged. 
schools, entertainment, lower cost of living and more, visit www.desmoinesmetro.com. 


MVAAA 


ADVANCING SCIENCE, SERVING SOCIETY 


The American Association for the Advancement of Science (AAAS) seeks a Deputy Editor to oversee the selection and editing process for the research 
section of Science magazine based on the overall vision, guidance, and advisement of the Editor-in-Chief and Executive Editor. 


Major duties and responsibilities: 


Develop the content strategy for the journal in concert with the Editor-in-Chief, Senior Editorial Board, and other senior managers; Gather feed- 
back and data to help shape the strategy and monitor progress; Identify target research areas, as well as, research groups for the editorial team to 
cultivate; Attend scientific meetings and visit research institutions to further these efforts 

Oversee the peer-review process for the journal by establishing and maintaining the Standard Operating Procedures, including handling problem 
papers, liaising with institutions as needed, and determining appropriate outcomes 

Monitor trends in the research community to ensure the journal’s policies and practices are aligned with community expectations; Solicit feedback 
on performance and recommend corrective action as needed; Suggest innovations that will improve the competitive position of the journal 
Chair and represent the journal’s research section at space meetings and weekly planning meetings; communicate information needed for effec- 
tive coordination between the sections of the journal 

Develop the editorial calendar with counterparts in the News and Commentary section; Establish and monitor page budget and allocate pages to 
individual editors based on overall goals; Assign papers to editors upon submission 

Supervise team leaders, Senior Editors, and Editorial Assistants including assigning work, providing training, and recommending personnel 
actions; Act as a liaison and facilitate communication between the editorial team and the Editor-in-Chief and Executive Editor; Act as liaison 
with other AAAS departments as necessary; Prepare and monitor budgets and authorizes expenditures 

Evaluate manuscripts within specific research areas submitted for publication in Science 


Minimum qualifications: 


Extensive university or college level training leading to a Doctoral degree in a scientific field with post-doctoral research experience 

Ten to fifteen years of experience evaluating research and scientific content; ability to identify high-quality research and new and emerging 
research groups and trends 

Comprehensive knowledge of scientific research methods and cutting edge research practices 

Experience managing staff, setting goals, and evaluating outcomes 

Excellent written, verbal, and interpersonal communication skills in order communicate with staff, editors, and members of the scientific 


community 


Please visit our job information website http://www.aaas.org/careercenter/employmentataaas/ to get more information, and to apply to AAAS 
online. 


AAAS is an Equal Opportunity Employer. 


online @sciencecareers.org 


Science Careers 


AAAS is here - helping scientists achieve career success. 


Every month, over 400,000 students and scientists visit ScienceCareers.org in search of 
the information, advice, and opportunities they need to take the next step in their careers. 


Acomplete career resource, free to the public, Science Careers offers a suite of tools 
and services developed specifically for scientists. With hundreds of career development 
articles, webinars and downloadable booklets filled with practical advice, a community 
forum providing answers to career questions, and thousands of job listings in academia, 
government, and industry, Science Careers has helped countless individuals prepare 


themselves for successful careers. 


As a AAAS member, your dues help AAAS make this service freely available to the 
scientific community. If you’re not a member, join us. Together we can make a difference. 


To learn more, visit 
aaas.org/plusyou/sciencecareers 


MVAAAS tU=A 


THE OiVERAITY OF 
PAMAINE 
ee 

Neurobiology 
Tenure Track Position 


The University of Maine, School of Biology 
and Ecology, invites applications for a full- 
time, tenure-track academic-year Assistant 
Professor of Neurobiology with a 50% 
research/50% teaching workload to begin 
September 1, 2014. Applicants with interdis- 
ciplinary interests that will complement the 
University’s emerging research programs in 
zebrafish models of muscle and neurodegen- 
erative diseases, and/or the neurobiology of 
stress are encouraged to apply. A Ph.D. in a 
relevant area of biology or neuroscience is 
required by date of hire. The candidate is 
expected to develop and maintain a research 
program in the general field of neuroscience 
and contribute to undergraduate and graduate 
courses in biology. 


For complete job description and application 
instructions, please go to: 
jobs.umaine.edu/blog/category/faculty/ 


Additional information can be obtained about 
the University of Maine and the School of 
Biology and Ecology at www.umaine.edu 
and http://sbe.umaine.edu/. 


The University of Maine is an Equal 
Employment Opportunity/Affirmative Action 
Employer. 


3 BRAINS 


Diversifying Neuroscience 


Are you a postdoctoral scholar or assistant 
professor in a neuroscience-related field? 


Do you identify as someone from a group 
underrepresented in neuroscience? 


Are you interested in receiving in-depth career 
support and direction over a two-year period? 


Join the BRAINS professional development program 
Applications for the next cohort open in 2014 
Visit brains.washington.edu 


E-mail brains@uw.edu 


In order to be eligible to participate in BRAINS, you must be 

a citizen or permanent resident of the United States and from 

a group or background recognized as underrepresented in 
neuroscience. Please visit our website for detailed eligibility 
information. Program Funded by NINDS Grant 1R25NS076416-01 


Science Careers is the forum 
that answers questions. 


Science Careers is dedicated to 
opening new doors and providing ‘ = 
timely answers to the career <= a = 

questions that matter to you. 


Science Careers Forum: 


Your Future Awaits. 


Relevant Career Topics 
Timely Advice and Answers 


Community, Connections, 
and More! 


Trom the journai serence = AVA 


Visit the forum and join 
the conversation today! 


ul SOUTHWESTERN 


MEDIC CENTER 


The Department of Molecular Biology at the 
University of Texas Southwestern Medical 
Center invites applications for tenure 
track Assistant Professor positions. We are 
seeking interactive individuals with strong 
research programs focused on mechanistic 
aspects of gene regulation, cell growth and 
differentiation, development, and stem cell 
biology, including the use of iPS cells to 
study reprogramming during development 
and disease. Attractive recruitment 
packages, state-of-the-art core facilities, and 
exceptional laboratory space are available. 
UT Southwestern has a vibrant graduate 
program and an atmosphere of collegiality 
and collaboration. 


Applicants should submit a curriculum 
vitae containing a summary of past research 
accomplishments, a statement of future 
objectives, and names of three references 
via email to: 

Search Committee 
Department of Molecular Biology 
University of Texas Southwestern 

Medical Center 
MolBioSearch@UTSouthwestern.edu 


UT Southwestern Medical Center is an 
Affirmative Action/Equal Opportunity 
Employer. Women, minorities, veterans and 
individuals with disabilities are encouraged 
to apply. 


UK 


KENTUCKY 


Chair 


Department of Fnysioleg 


University of Kentucky Co 


lege of Medicine 


The University of Kentucky College of Medicine seeks to fill the position of Chair of the Department of 
Physiology (hitp://physiology.med.uky.edu/). The successful candidate should have a Ph.D., M.D., or 
equivalent degree, a record of sustained extramural grant support, an internationally recognized 
research program, and strong leadership skills. The new Chair will lead a top 20 research department 
with 26 primary faculty whose research strengths include muscle biology, cardiac and pulmonary 
physiology, neurophysiology, the biology of aging, and diseases related to these disciplines. The Chair 
wil be charged with sustaining and building upon the Department's existing excellence in both research 


and teaching. 


The University of Kentucky is a recipient of an NIH Clinical and Translational Science award and houses 
internationally recognized research centers in cardiovascular health, diabetes and obesity, muscle 
biology, Alzheimer’s disease, aging, and neurotrauma. NIH funding to the College of Medicine of ~$62 
million places it among the top 35 public medical schools nationwide. The UK Medical Center is 
contiguous with UK’s undergraduate campus, located in the heart of the Bluegrass Region in Lexington, a 
mid-sized city known for its quality of life (http://www. locateinlexington.com). 


Interested persons should send their curriculum vitae, statement of research interests and goals as Chair, 


as well as the names of three references, to: 


Chair Search Committee 
Department of Physiology 
MS509 UK Medical Center 
800 Rose St. 

Lexington, KY 40536-0298 


or send documents via email to: PhysiologySearch@uky.edu 


The committee will begin to consider a on September 19, 2013, and will continue 


until an appropriate candidate is identi 


The University of Kentucky is an equal opportunity employer and encourages applications from minorities and women. 


Tenure-Track Assistant 
Professorship in Chemistry 
(Organic) 

Harvard University 


Candidates are invited to apply for a tenure- 
track assistant professorship in organic chem- 
istry, broadly defined to include chemical 
biology, organic synthesis, organic materials, 
physical-organic chemistry, organometallic 
chemistry, and catalysis. The appointment is 
expected to begin on July 1, 2014. The tenure- 
track professor will be responsible for teaching 
at the undergraduate and graduate levels. We 
are seeking candidates who have an outstand- 
ing research record and a strong commitment to 
undergraduate and graduate teaching. Doctor- 
ate required by expected start date. 


Candidates should arrange to have three let- 
ters of recommendation sent independently 
and provide a curriculum vitae, statement 
of teaching philosophy, list of publications, 
and outline of their future research plans. All 
applications and supporting materials must be 
submitted via the ARIeS portal (http://acade 
micpositions.harvard.edu/postings/4914) no 
later than October 15, 2013. 


Harvard is an Equal Opportunity/Affirmative 
Action Employer. Applications from women 
and minorities are strongly encouraged. 


Tenure-Track Assistant 
Professorship in Chemistry 
(Inorganic) 
Harvard University 


Candidates are invited to apply for a tenure- 
track assistant professorship in inorganic 
chemistry, broadly defined to include catalysis, 
synthesis, mechanism, materials, and energy- 
related research. The appointment is expected 
to begin on July 1, 2014. The tenure-track 
professor will be responsible for teaching at 
the undergraduate and graduate levels. We are 
seeking candidates who have an outstanding 
research record and a strong commitment to 
undergraduate and graduate teaching. Doctor- 
ate required by expected start date. 


Candidates should arrange to have three let- 
ters of recommendation sent independently 
and provide a curriculum vitae, statement 
of teaching philosophy, list of publications, 
and outline of their future research plans. All 
applications and supporting materials must be 
submitted via the ARIeS portal (http://acade 
micpositions.harvard.edu/postings/4913) no 
later than October 15, 2013. 


Harvard is an Equal Opportunity/Affirmative 
Action Employer. Applications from women 
and minorities are strongly encouraged. 


PRINCETON 
UNIVERSITY 


ASSISTANT PROFESSORSHIP 
ANIMAL BEHAVIOR 


Princeton University’s Department of Ecology and 
Evolutionary Biology plans to hire a tenure track 
assistant professor focusing on animal behavior. 
The Department has broad interests in behav- 
ioral ecology, behavioral dynamics, behavioral 
mechanisms, behavioral genetics, behavioral 
endocrinology and physiology, and behavioral 
links to other features of organismal biology. We 
seek applicants who pursue research that aims for 
significant conceptual and/or empirical integration 
of animal behavior in broader contexts of complex 
systems, neuroscience, genomics, ecology and 
evolution, and who have a strong commitment to 
teaching. A joint appointment with the Princeton 
Environmental Institute is possible, especially if 
the applicant’s research focuses on problems of 
global or environmental change. 


Applicants should write a vision statement, no 
longer than two pages, that outlines the concep- 
tual dimensions of one or more major unsolved 
problems in their field and how their approach will 
contribute to solving them. The vision statement 
should be more than a summary of the applicant’s 
prior and current research. Applications, includ- 
ing the vision statement, curriculum vitae, three 
reprints and contact information for three letters 
of recommendation, can be submitted online via 
http://jobs.princeton.edu, requisition #1300555. 
Screening of applications begins September 23, 
2013. 

Princeton University is an Equal Opportunity 

Employer and complies with applicable EEO 

and affirmative action regulations. 
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Science Careers 


For your career in science, there’s only one | 


my INDIVIDUAL m\ 
DEVELOPMENT A A A 
PLAN 
Skills Development Goals 
oals 
ON hee Quick Tips | My Skilis to Improve My SMART G 
Pi nal Information ; 
= Now, use the tool below to set specific goals for how you will improve each s 
| Add a new SMART Goal 
Skills Assessment — 
’ Ledge 
Interests Assessment Broad based know 


Values Assessment 


Consider Career Fit 
Read About Careers 
Attend Events 

Talk to People 


Choose a Career Path 


Career Advancement 
Goals 


Project Goals 


Mentoring Team 


myIDP Summary 


Critical evaluation of scent 
Interpretation of data 

Creativity /innovative thin) 
Navigating the peer review 
Deep knowledge my speaf 
‘Technical skills related to 1 


Select a skill to add a goal for 


SMART Goal 
Is this a recurring activity? No 
Start Date 


Target Completion Date 


> 
How will you be accountable? 


Add SMART Gos! Add & Move to Next Step 


Recommended by leading professional societies and endorsed by the National Institutes of Health, 
an individual development plan will help you prepare for a successful and satisfying scientific career. 


In collaboration with FASEB, UCSF, and the Medical College of Wisconsin and with 


my 
ID 


—_—_——— In partnership with: 


sciences 
a : 
y 

go 

af 

¢ q 

a 
3 Cy Federation of American Socie! 
a ——_ for Experimental Biology 
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Special Career Feature: September 13, 2013 


Reserve your ad by August 27 to guarantee space.* 


*Ads accepted until September 9 if space is still available. 


Science. Science Science, 
4 - 4 f 


Here’s why you should advertise in this issue: 


This feature examines how faculty and Pls are joining forces to 
maximize potential resources and grant money. Gear up to recruit for the 
faculty positions at your university with this much-anticipated issue that 
reaches thousands of Ph.D. scientists looking for positions in academia. 


Your job ad is seen by 700,000 readers around the globe from 
varied backgrounds and it sits on special bannered pages promoting 
faculty careers. Over 57% of our weekly readers work in academia 
and 67% are Ph.D.s. Science connects you with more scientists 
in academia than any other publication. 

Bonus Distribution to: 
ECCO-ESMO-ESTRO European Cancer Congress 
September 27-October 1, Amsterdam, Netherlands 


If you are looking to hire qualified scientists, 
Science offers a simple formula: must-read content + your 
ad +a large and qualified audience = your hiring success. 
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POSITIONS OPEN 


FACULTY POSITIONS in 
Neuroethics 

Georgia State University is creating a new interdis- 
ciplinary Neuroethics Program, a cooperative venture of 
the Neuroscience Institute, the Department of Psychol- 
ogy, the Department of Philosophy, and the College 
of Law. The Neuroethics Program includes three new 
open-rank tenured/tenure-track hires, new Ph.D. fellow- 
ships, and new Ph.D. Concentrations in Neuroethics. 
It will be a part of a thriving interdisciplinary commu- 
nity, including the resources of the Center for Advanced 
Brain Imaging, the Brains & Behavior Program, the 
Language Research Center, the Blumenfeld Center for 
Ethics, and the Atlanta Neuroethics Consortium. 

Candidates should have expertise in one or more 
of the following areas: (1) cognitive or affective neuro- 
science or psychology, specializing in moral cognition, 
emotion, or behavior; (2) ethical and/or legal theory 
as applied to neuroscience; (3) philosophy of neuro- 
science, cognitive science, moral psychology. Candi- 
dates must have a record of successful research and 
Ph.D. at time of application. Anticipated start date is 
fall 2014. Applicants apply online at website: https:// 
academicjobsonline.org/ajo/jobs/1576, where they 
will find more information. Questions should be sent to 
chair of the search committee, Eddy Nahmias, e-mail: 
enahmias@gsu.edu. 

In addition to these positions, the 2CI program is 
supporting hires in neuroimaging; primate social cog- 
nition, evolution, and behavior; and neurogenomics. For 
more information, see website: http: //secondcentury. 
gsu.edu/. 

Review of applications will continue until the po- 
sitions are filled. Georgia State University is an Affirmative 
Action/Equal Employment Opportunity Employer and encour- 
ages applications from women and minority candidates. 


ASSISTANT PROFESSOR 
Physical Chemistry 
California State University East Bay 

The California State University, East Bay (CSUEB) 
Department of Chemistry & Biochemistry invites appli- 
cations for a tenure-track Assistant Professor position in 
Physical Chemistry (#14-15 CHEM-PHYSICAL-TT) 
for the 2014-2015 academic year. The successful can- 
didate must have extensive training in physical chemis- 
try and a strong commitment to teaching. Applicants 
are expected to establish an externally funded research 
program appropriate for undergraduate and M.S. 
students pursuing a chemistry curriculum. Teaching 
responsibilities may include general chemistry, physical 
chemistry lecture and laboratory, environmental chem- 
istry lecture and laboratory, and advanced topics in 
physical chemistry. A Ph.D. is required; postdoctoral 
research and teaching experience in chemistry are pre- 
ferred. Applicants must submit, via regular mail, hard 
copies of a cover letter specifying the position number, 
curriculum vitae, a one-page statement of teaching phi- 
losophy, a three-page statement of research plans, and 
arrange to have undergraduate and graduate transcripts 
and three letters of recommendation sent to: Dr. Ann 
McPartland, Chair, Department of Chemistry and 
Biochemistry, California State University, East Bay, 
Hayward, CA 94542. Applicants must also submit 
the cover letter and the curriculum vita electronically at 
the following website: https: //my.csueastbay.edu/psp/ 
pspdb1 /EMPLOYEE/HRMS/c/HRS_HRAM. 
HRS_CE.GBL. Review of applications will begin 
September 30, 2013 and continue until the position is 
filled. CSUEB, an Equal Opportunity Employer, is committed 
to the principles of diversity in employment. 
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POSITIONS OPEN 


WIONC STATE UNIVERSITY 


LONG BEACH 


ASSISTANT PROFESSOR 


Prokaryotic Microbiology 


The Department of Biological Sciences at California 
State University, Long Beach invites applications for a 
tenure-track Assistant Professor position starting Au- 
gust 18, 2014. We seek broadly trained applicants who 
use genomic or metagenomic tools to study prokaryotes. 
The successful candidate will be expected to develop an 
externally funded research program involving under- 
graduate and M.S. students and teach at the undergrad- 
uate and graduate levels. Applicants must have a Ph.D. 
and postdoctoral experience. For further information, 
please see the position description at website: http:// 
www.csulb.edu/divisions/aa/personnel/jobs/posting/ 
2050/index.html. Screening of applications will be- 
gin September 15, 2013. CSULB is an Equal Opportunity 
Employer. 


ASSISTANT PROFESSOR 
Department of Chemistry Massachusetts 
Institute of Technology 


The Massachusetts Institute of Technology (MIT) 
Department of Chemistry invites applications for tenure- 
track appointments beginning July 2014. Outstanding 
applicants with research interests in all areas of chemistry 
are encouraged to apply. MIT Chemistry has particular 
interest in appointments of faculty whose preference is 
to teach in the area of physical chemistry, broadly de- 
fined. Appointments are at the rank of assistant professor, 
but outstanding senior applicants may be considered. 
A complete application must include a curriculum vitae, 
a one-page summary of research plans, two or more re- 
search proposals, a brief statement of teaching interests, 
and three or more letters of recommendation. 

Applications are being accepted at Academic Jobs 
Online (website: https: //academigobsonline.org/ajo/ 
MIT /Department of Chemistry). To receive full con- 
sideration, completed applications must be received by 
October 7, 2013. 

Search Contact: Ms. Karen Fosher, Personnel 
Administrator, Department of Chemistry, Massachu- 
setts Institute of Technology, Room 18-392, 77 
Massachusetts Avenue, Cambridge MA 02139- 
4307 (e-mail: kfosher@mit.edu). 

MIT is an Equal Opportunity/Affirmative Action Employer. 
Applications from women, minorities, veterans, older workers, and 
individuals with disabilities are strongly encouraged. 


DEAN 

College of Science, National Taiwan University 
National Taiwan University (NTU) invites applica- 
tions for the position of the Dean of the College of Sci- 
ence. The candidate should be a FULL PROFESSOR, 
while serving as Dean at National Taiwan University. 
Nomination would come from a minimum of 15 full- 
time faculty members, who hold at least lecturer status 
at the College of Science. Required Application Mate- 
rials: Candidate nomination statement for deanship, 
academic and professional background of the candidate, 
publication list, written agreement to accept nomination. 
Deadline of submission: September 12, 2013. Inquiries 
via e-mail: isalee@ntu.edu.tw (Secretary, COS, NTU) 
or telephone: 886-2-23637562. Website: http://www. 

science.ntu.edu.tw/index_en.php. 
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POSITIONS OPEN 


RESEARCH ASSOCIATE 
Indiana University, Bloomington 
Biological Mass Spectrometry 


The Department of Chemistry at Indiana Universi- 
ty, Bloomington (IU) seeks a full-time Research As- 
sociate in Laboratory for Biological Mass Spectrometry 
(website: http://www.chem.indiana.edu/bms/). The 
Laboratory specializes in the development of novel mass 
spectrometry methodology and provides service for 
researchers both within and external to IU. We seek a 
creative, highly motivated scientist with a Ph.D. chem- 
istry, biochemistry, or cell biology with 0-3 years post- 
doctoral experience. The ideal candidate will possess 
a creative, analytical approach to problem solving, 
the ability to work independently and the ability to 
lead interdisciplinary collaborations among multiple 
laboratories. Prior experience with mass spectrometry / 
proteomics is desirable, however candidates with a strong 
background in biochemistry or cell biology will also be 
considered. The salary range is $35,000 and $45,000 
commensurate with qualifications and experience. Ap- 
plications should provide a cover letter indicating research 
interests, career goals, and experience and curriculum vitae 
as a single PDF file, and arrange to have three letters of 
reference sent to: Dr. Jonathan Trinidad, Director 
of Biological Mass Spectrometry, Department of 
Chemistry, Indiana University, Bloomington, IN 
47405-7102 (e-mail: trinidad@indiana.edu). Re- 
view of applications will begin immediately and will 
continue until the position is filled. Indiana University is 
an Equal Employment Affirmative Action Employer and espe- 
cially encourages applications from women and members of minor- 
ity groups. 


ASSISTANT PROFESSOR in 
Social Psychology 

Harvard University Department of Psychology an- 
ticipates making two tenure-track appointments at the 
assistant professor level to begin July 1, 2014. 

We seek candidates with exceptional promise in the 
area of social psychology. We are less concerned with 
specific research interests than with excellence, and ap- 
plicants in all areas of social behavior and social cog- 
nition will be considered (e.g., altruism & cooperation, 
emotion, group processes, health & well-being, ideol- 
ogy, interpersonal relationships, judgment & decision- 
making, person perception, prejudice & stereotyping, 
social-cognitive development, social neuroscience, etc.). 

It is required that candidates will have completed all 
requirements for the Ph.D. by the start date of the ap- 
pointment. Teaching duties will include offerings at 
both undergraduate and graduate levels. 

Candidates should submit curriculum vitae, research 
and teaching statements, representative reprints, the 
contact information for at least three references, and 
three letters of recommendation to website: https:// 
academicpositions.harvard.edu/postings/48 84. 
The application is complete only when all three letters 
have been submitted. 

Questions regarding this position can be addressed 
to e-mail: socialsearch@wjh.harvard.edu. The closing 
date for applying is September 16. 

Harvard University is an Affirmative Action/Equal Opportu- 
nity Employer, and we actively encourage applications from women 
and minority groups. 
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